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ABSTRACT 
The growt h ,  nut rient absorption ,  and int ernal moisture status 
of se l ected woody species in coa l mi ne spoi l in  response to an indu ced  
infection by the ectomycorrhi zal fu ngu s Pisolithus ti nctorius was 
stu died . Nursery grown 1�b l o11y and Virginia pine seed lings infected 
with Pi so 1ithu s  and cont rol seed lings  were out p 1 anted on a coa l  mi ne 
s poil in Tennessee which had been previous ly  hydroseeded wit h a mixtu re 
of herbaceous grou nd cover species . Granu l a r ferti lizer was appl ied 
by broadca sting  to one-hal f of the seedlings  of each ectomycorrhi za1 
treatment at the rate of 1 1 2  kg/ ha NPK. After three year s ,  the 
surviva l and g rowt h of l obl ol ly pine in fected with Piso 1it hus  was 
superio r  to that of the control seed l ings , and chemical  anal yses of 
foliar samp l es revea l ed t hat the seedl ing s wit h Pi solit hu s  ecto­
mycorrhizae had a hig her fo l iar concent rati on of N03 and  a l ower 
concent ration  of Zn t han t he cont ro l  seedlings . The su rviva l�  g rowt h , 
and  nut rient a bsorption of Vi rgi nia pine  wa s not s i gnificant l y  
affected by t he infection with Pi solithu s  after two yea rs� but bot h 
l obl o l l y  and  Virginia pine seed lings wit h Pisolit hu s  ectomyco rrhizae 
exhi bited an enhanced a bi lity to absorb water during periods of high  
moisture stress ,  as  determined  by the pressure chamber technique .  
Fertili zation s ubstantia l l y redu ced the su rvival of the seed lings  of 
bot h species. 
Sweet bi rch and European a l der  we re grown under h;g h� 
intermediate , and  l ow ferti lity regimes in  sand culture co ntaining a 
mycelia l i nocu lum of Pisolithus  tin ctorius  for fi ve months  and  then 
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transpl anted to coal min e  s po i l conta i n ing  an i d entical  Pi so l i thus  
i nocu l um. Con trol s eed l i ngs  of each s pec ies were s imi l ar ly  g rown 
except that no i nocu l um was i ncorporated i nto the  potti ng m edia . Th e 
nutri ent  treatments i n i t iated i n  the  sa nd  cu l ture were con t i n u ed 
throughout the s tu dy.  Exam i nation s of  th e roots of the s \veet b i rch 
s eed l i ngs  rev ea l ed that  h i gh ferti l i ty s i gn i f i cant ly  reduced the 
d evel opment  of Pi sol i thus ectomycorrhi zae. b ut Piso l i thus formed 
abundant ectomycorrh i zae on the roots of  sweet b i rch g rown under th e 
i nt ermed i ate and l ow ferti l i ty reg imes and thes e  s eed l i ngs were 
s i gn i fi cantly l arg er than comparab l e control s eedl i ngs.  C h em i ca l  
analyses of  fol i a r  sampl es reveal ed that sweet b i rch seed l i ng s  wi th 
Pi sol ithus  ectomycorrh i za e  had a s i gn i fi cantl y h i gher fol i a r  concen­
trat ion of  tota l N a n d  a l ower concentrat ion o f  Mg and Al than the 
control s eed l i ng s .  No ectomycorrh i za l  fung i were found to have 
i nfected the roots o f  the  European a l der s eedl ings  of any of the 
ectomycorrh i za l -nutri ent  treatment  combi nati ons. 
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CHAPTER I 
INTRODUCT ION 
When energy and material  resources are extracted in min ing 
operati ons,  the impact on the s ite u sua l l y  req u i res  the impl ementation 
of substantia l  amel iorati ve measure s  to restore productiv i ty an d 
reduce off-site pertu rbations . Such  is the case in the sou thern 
Appa l ac hian Moun tain s  where s ign ificant coal reserves l i e s uffi c iently 
c l ose  to the surface to d i c tate the u se of su rface mi n i ng as  the most 
effic i e nt method of extraction . The extent to wh i ch th i s type of 
coal production i s  devel oped depends upon the econom ic s  of the 
operation as rel ated to such factors as depth and character. of over­
bu rden, depth and qua l ity of coa l seam, deve l opment of min ing 
methodol og ie s ,  �nd the demand and  pr ice of coal . Present econom i c  a n d  
energy con s iderations  have prompted t h e  adopti on of th is m i n i ng 
practice a s  the method of choice  for the product ion  of coal  i n  the 
foreseea bl e future. 
The universal product of s urface mi n i ng  is a denuded l andscape 
upon wh i c h  vegetati on mu st be immediate l y  reestabl is hed to avoid 
future site producti v i ty l os se s  a s soc i ated wi th ero s i on and  its 
subsequent effect on water  qual i ty .  I n  many i n stances these s ites, 
con s is ting of spoil s refl ecting the character of the overburden , have 
both physical  and chemica l propert i e s  wh i c h  are potential l y  unfavor­
a bl e  to the e stablishment of vegetation . Revegetation by natural 
succe s s ion is thus not con s i dered a viabl e option a s  the resu l ting 
1 
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comnun i ty ,  refl ect i ng the extreme vari a bi l i ty of  spo i l  ma ter ia l s, 
usua l l y  fa i l s  to prov i de adequate s i te protection . Subsequent l y ,  the 
recovery of these s i tes is dependen t  upo n  managed proce s ses . Many 
o pportun i t ies  exi s t  for the deve lopment  of a rti fi c i a l  revegeta tion 
techn i ques to be i ncorporated i n  comprehen s i ve programs of recl amation  
p l a nn i ng s uc h  that postm i n i ng ecosys tems  are afforded earl y protection 
con du c i ve to s u bsequent esta bl i s hmen t of s ta bl e commun i ti e s . 
Mycorrh i zal  re l a tions h i ps are bei ng g i ven major con s i deration i n  
t he re search d i rected toward improved revegetation techn i q ues  for 
surface m i ne spo i l s .  These re l at ions h i ps , the mo st preval ent  symbio ses 
of h i g her pl ants , are of part i cu l ar importa nce to the succes sfu l 
e s tabl i snment of \'/Oody vege tation on  adverse s i tes . Due to m i n i ng 
practi ces w h i c h  frequen tly resu l t i n  the bu r ia l  of surface s trata, the 
s tatu s  of  coa l  s po i l s i n  rel at ion to the i r  abi l i ty to promote 
mycorrh i za l  rel at ionshi ps i s  questiona bl e .  Therefore ,  the i noc u l at ion  
of sel ected spec i es of forest  tree seed l i ng s  wi th the  appropriate 
ectomycorrh i zal fu ngus prior to outp l anti ng has con s i dera ble potent i a l  
a s  a n  i nva l ua bl e  tool i n  deve lop ing effective revegetation methods . 
Th i s  techn i que depends upon the use  o f  a fu ngal spec ies eco log i ca l l y  
adapted for surv i va l  o n  ha rsh s i te s  such  a s  coa l  spo i l s ,  where extreme s 
i n  ac i d i ty, temperature , and  mo i sture and nutrient defi c i en ci es are 
preva l en t .  The fu ng a l  component must be se l ected w i t h  d u e  cons i dera­
tion g i ven i t s  phys io log i ca l  adaptab i l i ty to i nfec t i n g  ho st speci es 
o f  a su spected  or  proven rec l amation va l u e .  I t  i s  co nce i va bl e that 
a mosa i c  of tree-fungu s  assoc iat ions  be deve loped  and adapted fo r use  
on surface m i ne sites such  that i n i tial revegetation i n c lude a 
d i ve rsity of species ra ther than con t i nu i ng the current practice of 
estab lis h i ng monospecifi c  s tand s .  
3 
Thi s  d i ssertati on reports the resu l ts of s tu dies concerning the 
effec ts of the ectomycorrh i za l  fu ngus Pisolithus  tinctorius (Pers . ) 
Coker  and Couch  on four hos t  species , i nc ludin g  l ob l o l ly  p i ne ( P i nu s  
taeda L . ) ,  V i rgin i a  pine {Pinus v i rginiana Mi l l .} ,  sweet b i rch 
{Betu l a  l enta L .} and European a l der {A l nu s  g l u tinosa (L .) Gaert n .} i n  
re l ation t o  the app l i cabi l ity o f  these speci fic host-fungu s  mycorr h i­
za l a s soc iations as  components of pos tmining commu ni ties e s tab lished 
on sites di sturbed for coal production in the sou thern region of the 
Appa lachian  M ou ntains . Due to rel ative differences i n  the degree to 
w h i c h  prel iminary mycorrhiza l research had been accomp l i s hed on each 
of the four host sp ecies , some of the obje ctives of thi s  i nvest igation 
were pursued throug h fie l d  studies invol ving experime ntal outp l ant ings  
on  a sou thern Appal achian su rface m i ne s i te ,  whi l e  for other 
objecti ves m i ne site con ditions were simu l ated in the greenhouse u s i ng 
coa l m i ne sp oi l materi a l s  as the growth med ium .  G reen house  faci lit ies 
perm i tted greater environmenta l control  i n  those aspects of the 
studies for which l i ttl e or no background information was ava i l a bl e  
to serve a s  a basis for experimen ta l des i g n .  
Speci fi c  objectives accompli s hed throug h fie l d  stud i es inclu ded 
an eva lu ation of the effect of Pi solithus t i nctorius on the surv ival , 
growth , nutrient up ta ke , and moi sture s tatu s  of  l obl o l l y  and Virgi nia 
pi ne on a rou tine surface mine si te . Due to the demonstra ted response 
of p i n e  seedling s  to ferti li zation on su ch  sites , a fertility variable 
was i ntroduced to permi t exa mi nat i on of  the i nterre l ations h i p s  of 
P; sol i thus and nutrient a mendments as  they affected these research 
parame ters . 
4 
Obj e ct i ves a cco mp l i s hed through  g reenhouse  s tud i es i n cl u ded  an 
eva l uat ion  of the physi o l og i ca l  s u i tab i l i ty of Pi sol i thus  t i n ctor i us 
as a mycorrhi za l  symbiont  of sweet b i r ch and European a l der and an 
assessment of the effe ct of va ri at i ons in nutri ent l evel s on i n fe ct ion  
s u ccess .  Th i s  wa s a cco mp l i s hed through  sand cu l ture techn i ques , wh i ch 
affo rded g rea ter sen s i t i v i ty i n  the reg u l ation  of nu tri ent  l evel s ,  as  
we l l  as  the mi ne spo i l  g rowth med i um .  Further stud i e s  i nvol v i ng sweet 
b i r ch and  Euro pean a l d er prod uced an eva l uat i on of the effect of 
P i sol i thus on the g rowth , n utrient  u ptake , and moi s ture s tatus  of  
these  two speci es i n  a m i ne  spo i l  growth med i um and an exa mi nat i on of 
mycorrhizal -nu tri ent l eve l i ntera cti ons as  they affected these growth 
para meters and phys io l og i cal  processe s .  
CHAPTER II 
REVIEH OF PERTINENT LITERATURE 
Selection of Fungal Symbionts 
Microorganisms are present in great numbers within the rhizo­
sphere of forest trees and play important roles in numerous 
physiological relationships, including saprophytism, pathogenicity, 
and symbiosis . The most prevalent symbiosis is the mycorrhizal 
association in volving root-inhabiting fungi and the feeder roots of 
the forest tree hosts. Mycorrhizal associations are so common in 
natural forest soils that the nonmycorrhizal tree is the exception 
(Marx and Bryan 1975a) . Ectomycorrhizae occur naturally on many 
important forest tree species, including all genera of the gymnosperms 
such as Pinus, Picea, Abies, Larix, Tsuga, and Pseudotsuga and those 
of certain angiosperms, including Betula, Alnus, Quercus, Carya, 
Juglans, Populus, Fagus, and Salix. This form of mycorrhizae develops 
from fungal spores or hyphae in the rhizosphere which are stimulated 
by root exudates to grow vegetatively over the root surface, forming 
the fungus mantle. The hyphae then develop intercellularly in the 
root cortex, forming the Hartig net . The fungus mantle and the Hartig 
net are the distinguishing features of the ectomycorrhizal association. 
Ectomycorrhizae benefit the host by promoting increased growth and 
branching of the roots, thus increasing the effective surface area 
and facil itating the absorption of nutrients and water. The 
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extramatri ca 1 hyphae of the fun gus  mantl e funct ion  as addi ti onal  
n utrient  and water absorb i ng ent i t i e s  and  ass ure the i r  max i mum uptake 
from the so i l . 
Many s pec ies  of ectomycorrh i za l  fun g i  i n fect the roots of 
fores t  trees i n  norma l forest  so i l  envi ronments (Marks and Kozlowsk i  
1 97 3 ;  Trappe 1 962 ) .  Under harsh  cond i t i o n s ,  s uc h  a s  t hose that 
preva i l  on s urface m i ne s i tes , certa i n  of these fu ng i ap pear s uperi o r  
i n  the i r  a bi l i ty to surv i ve and prov i de benefi ts to the i r hosts . 
Many workers (Hil e and Hennen 1 969;  Lampky and Peterson 1 963; Marx 
1 97 5 ;  Medve et a 1 . 1 977 ; Schramm 1 966 ) have reported the occurrence of 
bas i .d i ocarps of Pi so 1 i thus t i nctor i u s a ssoc iated w i th severa l fores t 
tree s pec ies  on va rious  coa l spo i l  s i tes .  I t  i s  l og i ca l to  assume 
tha t  Pi so1 i thus  contri buted  s i g n i fi cantly  to the surv i val and g rowth 
of these  ear l y  col on i z i ng host species . Marx et a 1 .  (1 970 ) found  that 
P i sol i thu s was capabl e of forming ectomycorrhi zae at e l evated 
temperatures and l a te r  fou nd that p i ne seed l i ngs  wi th Pi sol i thu s 
exhi b i ted enhanced surv i va l  and g rowth at h i g her temperatures than d i d  
seed l i ngs  wi th other ectomycorrh i za l  as soc iat i ons  (Marx a n d  Bryan 
1 97 1 ) .  Thi s temperature tol erance may parti a l l y  expl a i n  the preval ence 
of P i sol i thus  a s  the primary symbi ont of young vol un teer seed l i ng s  
g row i ng on coal m i ne s po i l s ,  where su rface tempera tures often exceed 
the l i m i ts for g rowth of other ectomycorrhi za l  fu ng i . 
The s pec ia l i zed and d i verse nature of ectomycorrh i zal  fung i  ha s 
presented probl ems for practical  app l i cation because the endem i c  fu ngal 
s pe c i es of  nur sery so i l s  are often i l l  su i ted to fu nct ion  effecti vel y 
a t  the u l t imate outpl ant i ng s i te of the host tree . Experimen ta l 
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tec h n i ques  have been deve l oped to a rti f i c i a l l y  infect p i ne seed l i n gs 
w i th pure cu l tures of P i so l i th us t i nctor i u s  i n  the l aboratory and the 
n ursery (Bryan and Zak 196 1; Marx 1969 ;  Marx and Bryan 197 5b). Thi s 
tec hn i que i nvo l ves the product ion of a pu re cu l ture , ve getat i ve myce ­
l i a l  i nocu l um o f  Pi sol i thu s i n  a ve rmi cu l i te-peat moss-n utri ent med i um 
s ubstrate ; the i n ocu l um i s  i ncorporated i n  fumi gated potti n g  med i a  or 
nursery soi l s . I nocul a ted seedl i n gs have been shown to be superi or to 
un i nocu l ated seedl i n gs i n  the nursery (Marx and Bryan 1 97 5b; Marx 
et  a l . 1976 ) ,  on rou t i ne reforestatlon s i tes (Marx et  a l . 1977a ) ,  and 
on ad verse s i tes (Berry and Marx 1978; Marx 1976; Marx and Artman 
1 979 ; vlal ker e t  a 1. 1981) . G eneral l y , i t  became apparen t from these 
stu d ies  that as  s i te qual i ty dec reased , the va l u e of P i sol i thu s to the 
seedl i n gs i ncreased . Th i s  was of part i c u l ar  importance on su rface 
m i ne spoi l s  where such adverse growi n g  cond i t i ons as l ow pH, l ow 
n ut r i ent  s tatu s , h i gh concentrations  of tox i c  substances , el evated 
surface temperatures , and  drou ght iness were commonly encountered . 
Thi s evi dence s uggests that  t he art i f i c i a l  i nocu l at i on of seedl i n gs i n  
the n ursery w ith  P i so l i thus promoted suff i c i ent ectomycorrh i zal  
devel opment to prov i de these seed l i n gs a s i gn i fi cant advanta ge over 
t hose grown by convent i onal  methods .  
Sel ection  o f  Fores t  Tree Hosts 
Forma l  and i nformal stu d i es i n vo l v i n g  performance compari son s 
among tree s pec i es of potent i a l  va l u e  for the revegetati o n  of s urface 
m i nes were carr ied  ou t extens i ve l y  in the ea rl ier  years of reclama t i on 
researc h  (Boyce and Merz 1959; Bro ltJn 1962; Czapows kyj 197 0; 
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C za powskyj and Mcqu il k i n  1 966 ;  F i nn 19 58; Geyer 1973;  Hart and  Byrnes 
1960;  Horn and Ward 1969;  L imstrom 1960 ;  L i mstrom and De i tsc hman 1951 ; 
M i l es e t  al . 1973 ;  Pl ass  197 5) . Spec ies were eval uated wi th  respect 
to su ch fac tors as surv iva l , growth, ab i l i ty to prov i de s i te s tab i l i ty 
and protection,  su i tabi l i ty for prov i d i n g  food and cover for wi l d l i fe ,  
and potent ia l  for econ om i c  retu rns v i a  t i mber  and pul pwood producti o n .  
Porti ons o f  the data generated i n  these stu d i es have been u sed i n  the 
deve l opment of pl anti ng gu ides  to fa c i li tate spec ies  sel ect i on (Boyce 
and Neebe 1959 ; L i mstrom 19 60 ) . Many species  wi th appa rent potent i a  1 
for the revegetati on of these s i tes have not been dep l oyed due to 
defi c i enc ies  i n  es tab l i s hmen t  techn i ques ,  and there ha s been a 
dec i ded tendency to p l ant exten s i ve areas to one speci es (L i mstrrnn 
1964 ) .  Schramm1s (1966 ) con c l u s i on tha t early ectomycorrh i za l  
devel opment was essent ia l  for the successful e s ta bl i shment of  vol un teer 
s pec i es on  anthraci te was tes has resu l ted i n  the recogn i t i on of 
mycorrhi za l  rel a t i ons hi ps as  ,an add i ti onal factor to be con s i dered i n  
se l ect ing  revegetat ion spec i e s  for s urface m i ne s i te s .  
Lobl ol l y  and V i rg i n i a  p i n e have been the spec i es of  c ho i ce among 
coni fers for regenerati ng  margi na l  l a nds i n  the southeastern U n i ted 
States for many years . These species  often i nvade eroded and  
abandoned farm l an d  where re l at i ve ly  l ow l evel s of ava i l a bl e nutri ents 
have ren dered the soi l unsu i tab l e for further ag r i cu l tura l use  
(Fowe l l s  and  Krauss 1959 ) .  Lob l ol ly  p i ne has been observed as an 
early vo l u nteer species  on kaol i n  was tes in  Georg i a  and coa l m i ne 
spo i l s  i n  Tennes s ee (personal observa t i on ) . V i rg i n i a  p i ne frequently  
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occu rs on the Cumberl and Pl ateau of Tennessee on  poor,  sandy sit es and 
bedrock  out crops ( Burton 1 960 )  and  ha s been observed as  a vo lunteer 
s pecies on  coa l s po i l s i n  Tennes see and Kentucky ( personal  observation )  
and on anthracite wastes i n  Pennsyl vania (Schramm 1 966 ) .  Outp 1 a nting 
trial s o f  lob lo l l y  ( Boyce and Merz 1 959; Boyce and Neebe 1 959; Geyer 
1 97 1;  L i mstrom 1 960; Thor and Kri ng 1 964 ) and  V i rg i nia pi ne (Boyce and 
Merz 1 959; Boyce and Neebe 1 959; Brown 1 96 2; Cza pows kyj and �l cQui 1 kin  
1 966; Geye r 1 97 1;  Limst rom 1 952; Limstrom 1 960)  on coa l mine  sites  i n  
severa l  midwestern and centra l  a nd southern Appa l achian st ates have 
prove n these species  super ior in their a bi l ity to survive and grow 
u nder varied and diverse spoi l condition s  • .  In addition to t he i r  
amel iorat i ve and stabi l i z i n g  qua l ities, lob lo l l y  and Virginia pine  
offer prom i se of  s hort term eco nomic retu rns via t he product ion of 
pu l pwood on such  sites ( Pl as s  and Bu rton 1 967 ) .  Extensive stu d i es of 
t he mycorrh i za l  association s  of these  spec i e s  on various mine spoi l s  
i n  Tennessee , Georgia , Alabama , Kentu c ky ,  Vi rg i n i a, ��est Virginia, 
Pennsyl vania , Ohio , and I ndiana revea l ed Piso l it hus  tinctorius to be 
t he i r  predominant , and frequent l y  t heir on l y ,  natural ly  occurr i ng 
mycorrhiza l symb iont (Marx 1 9 75; Schramm 1 966 ) .  A major po rtio n o f  
the mycorrh i za l  research invo l ving lob lo l ly  and  V irginia pine  on  
s urface m i ne spoi l s  has  been concerned wit h the potentia l benefits of 
an indu ced in fection wit h t h i s  fu ngal species . W ith  few except ions , 
prelim i nary re searc h  has indicated that nursery grown seedlings  
infected wit h Piso lithus  are superior to seed lings  with other 
symbiont s on these sites  (Marx 1 9 75; Marx 1 976; Marx and Artman 1 9 79; 
Wal ker et a l . 1 981) . 
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Sweet birch occurs naturally on a wide variety of less favor­
able sites with rocky. coarse-textured. or shallow soils (Brooks 1920; 
Frothingham 1915; Frothingham 1931; Leak 1958; Tryon 1943) and has 
been considered a species of potential value for purposes of soil 
protection and stabilization ( Illick 1923). Tryon and Markus (1953) 
found it growing on century-old iron ore spoil banks in West Virginia, 
and it has also been identified as a volunteer species on coal spoils 
in West Virginia (Brown and Tryon 1960) and Pennsylvania (Schramm 
1966). Plass (1975) evaluated the reclamation potential of this 
commercially important species on a coal spoil in eastern Kentucky and 
found it to exhibit excellent survival and growth after four years. 
Despite the evident promise of sweet birch, minimal research has been 
accomplished toward its development as a reclamation species for 
surface mines and it has not been exploited for this purpose to any 
appreciable degree. Preliminary examinations of the mycorrhizal 
associations of this species have indicated Pisolithus tinctorius to be 
its most prevalent fungal symbiont on harsh sites. Schramm (1966) 
concluded that an early infection with Pisolithus was essential for 
the successful establishment of sweet birch on anthracite wastes in 
Pennsylvania. Marx (1975) found Pisolithus to be the predominant, 
and often the only, ectomycorrhizal fungus associated with sweet birch 
on coal spoils throughout much of the natural range of this host. 
European alder has long been advocated as a species of 
considerable value for the revegetation of disturbed sites in Europe 
(Kohnke 1941) and in recent years has gained recognition for this 
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potent ia l  i n  the Uni ted States (Lims trom 1 96 0; Bennett e t  a 1. 1978 ) . 
Among the fi rst t rees to i n vade d i s turbed areas wi th in  i ts natural i zed 
d i stri buti on in eastern North Amer i c a ,  thi s spec i es offers subs tanti al 
ame l i o rati ve qua l i ti es due to i ts ab i l i ty to fix atmospheric n i trogen 
(Tarrant  and Trappe 1971) . Experimenta l p l anti ngs on  coa l spoi l s  have 
i nd icated European a l d er to be adaptab l e to a wide  vari ety of s po i l  
" 
c ondi tions (Mi l es et  al . 1973) , i nc l ud i ng extreme acid i ty (Fu nk  and 
Dal e  1 961; Lowry et a l . 1 962 ) ,  and i t  has been s hown to be of 
con s i dera b l e  benefi t as  a nurse crop to other timber s peci es of 
g reater comn;erc i a l  val ue (Da l e  1 96 3) . Fun k and Da l e  (1 961 ) and Lowry 
et  a1 . (1962 ) have advocated the u se of th i s  s pec i es as a poss i bl e  
al ternat i ve to b l ack l oc u s t  (Robi n i a  Es eudoacac i a  L . ) o n  surface mine 
si tes , bel i ev i ng i t  to be super i or to locust for i nterpl anti ng 
purposes and as  a potenti a l l y  g reater  asset for the producti o n  of 
wood and  pu l pwood materi a l s .  Euro pean al der i s  a known host  of 
ectomycorrhi zal fungi (Trappe 1962 ) ,  but exami nat i on of thi s rel a tion­
s hip under  the condi t ions  preva i l i ng on  s urface mi ne s i tes has been 
l imited to general observation .  Marx (personal  commun i cat ion ) has 
found  bas i d i ocarps of P i sol i thus  t inc tori u s  assoc i a ted wi th European 
a l d er on ha rs h s i tes i n  the Tennessee Cop per  Bas i n .  
Ectomycorrhi zae a nd Seed l i ng Nutri tion  
Many coa l m i ne spoi l s , i ncl ud i ng those that  are not ac i d , are 
d i ff icul t to revegetate because they are def ic i ent i n  one o r  more of  
the  essent ia l  p l an t  nutr ients (Vogel  1 975 ) .  Most  mi ne spoi l s  i n  the 
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Appa l a c h i an reg i o n  a re def i c i ent i n  p l a nt-ava i l ab l e n i trogen and 
phos phorus (Be ng tson et a l . 1973a ; Bengtson et a l . 1973b ;  Czapowskyj 
1973 ; Mays a nd Bengtson 1978 ; P l a ss  and Vogel  1973; Voge l  1975) . 
Though n utri ent requ i rements for the surv "i va l  and modes t  g rowth of 
forest tree seed l i ng s  are rel a t i v e l y  l ow ,  several workers (Bengtson 
et a l . 1973a ; Zarger et a l . 1973 ) have reported ferti l i za t i on to have 
a pos i tive effect on  the growth of p i ne"seed l i ng s  on coa l spo i l s  i n  
t he so uthern Appa lach i ans . More recent ly ,  Berry (1979 ) prov ided 
evi dence that the use of  starter fert i l i zer  tab l ets improved i n i t i a l  
g rowth of  p i n e  on  severe ly  e roded s i tes i n  t he  Tennessee Copper Bas i n .  
Genera l references to the abi l i ty of a myc orrh i za l  assoc i at i on to 
enhance the uptake of essen t i al n utri ents by fores t  tree seedl i ngs  on 
surface m i ne s i tes have been made (Ma rx 197 5; Marx 1976 ;  Marx 1980 ; 
Mays and Ben gtson 197 8; Schramm 1966 ) ,  and i t  i s  genera l l y  bel i eved 
that an i nfection  w i th an appropr i ate, ecol og i ca l ly adapted 
mycorrh i zal  fungus can s ubstan t i a l l y  reduce the need for s uppl emental  
ferti l i zation  on these  s i tes . HO\,/ever ,  on l y  prel i m i nary assessments 
of the effects of mycorrh i za l - nutri ent amendment i nteractions on 
seedl i n g  s urvi va l ,  growth ,  a nd nutr ient  absorpti on are ava i l ab l e ,  a nd 
s im i l ar experiments  have not produced who l l y  c omp l i mentary resu l ts .  
Marx and  Artman (19 79 )  reported t ha t  fert i l i zed a nd nonferti l i zed 
l ob l o l l y  p i ne seedl i n gs i nfected w ith  P i so l i thus t i nctori us exh i b i ted 
g reater su rv iva l  and g rowth tha n e i ther ferti l i zed or nonferti l i zed 
seed l i ngs  wi th other, natural l y  occurri ng  ectomycorrh i zal symbionts on  
a coa l spoi l in  Kentuc ky. Seed l i ng s  wi th P i sol i thus had s i gn i f i cantly 
more fol i ar  n i trogen and l ess  fo l iar su l fu r ,  i ro n ,  ma nganese ,  and 
a l umi num than co ntrol seed l i ng s .  Wa l ker e t  a l .  ( 1 981 ) found tha t 
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P i so l  i thus i ncreased the  surv iva l  and g rowth of l ob lo l ly  p i ne 
i rrespective  of  ferti l i zat ion on a spo i l i n  Tenne ssee , but that 
fert i l i zation reduced surv iva l  wh i l e  i n creas i ng growth i rrespect i ve of 
mycorrh iza l  symbiont .  Howeve r ,  the i nfec tion w i th P i so l i thus was on ly  
parti a l ly  capabl e of  compensa ti ng  fo r the reduced surv i va l  a nd  produ c i ng 
the i nc reased growth  that resu l ted  from ferti l i zation. D i screpanc i es 
between the ' resu l ts  of these two s tu d i es were probabl y attri bu tabl e to 
d i fferi ng  l eve l s  of i n fection wi th P i so l i thus t i n ctor i u s  a nd var i a tions 
i n  s i te characte.r i s t i c s  and methods of ferti  1 i zation. 
Ectomycorrhi zae and Moi sture Stress 
The vari ation i n  spo i l c ha racteri s t i cs encountered by p l a nt s  
o n  s urfa ce m i n e  s i tes i s  near ly  un limi ted , and thou g h  the c hem i ca l  
propert ies  of  these s i tes  have genera l l y  re cei ved g reater attentio n ,  
phys i ca l  attri butes a l so pl ay a v i tal  ro l e  i n  the s uccess o r  fa i l ure 
of  revegeta tio n efforts . Mo i sture defi c i enc ies  i n  the upper l ayers of 
some coa l spo i l s  ofte n l im i t the s u rv i val and g rowt h of  fores t  tree 
seedl i ngs  desp i te efforts to se l ect  s pec i es wh i c h  ha ve ex h i b i ted 
cons i derabl e to l erance of the adverse co nd i tio ns  usua l l y  preva i l i ng o n  
these s i tes . Prec i p i tation i n  the Appa l ach i an reg io n i s  genera l l y  
adequate for the species  common ly  em ployed i n  rec l amation programs , 
a l thoug h droug ht or  nea r-d roug h t  con d i tio ns  dur i ng the fi rst growi ng 
seaso n  have been i mpl i cated i n  reduced e s tab l i s hment success i n  
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several studies (Albers and Carpenter 1979; Brown and Tryon 1960; 
Horn and Ward 1969; Limstrom and Deitschman 1951; Schramm 1966; 
Tackett and Graves 1979). However, adequate precipitation does not 
provide assurance of a satisfactory moisture status on many sites, as 
some mine spoils do not have sufficient capacity to retain water 
deposited at their surface. Spoil texture is considered to be the 
most important factor influencing the water holding capacity of 
overburden materials, as organic matter is generally lacking in surface 
strata (Glover et al. 1978). Some spoils dry out rapidly after 
rainfall because the spoil texture pennits rapid infiltration and 
percolation of water, while others are droughty because they develop a 
sealed surface that prevents infiltration of moisture (Vogel 1975) . 
The grading of surface mine sites, required in most current reclamation 
laws, often contributes to the problem of inadequate infiltration of 
spoils where fine-textured materials predominate, and has resulted in a 
significant reduction in the establishment success of several species 
in studies on relevant sites (Limstrom 1952; Limstrom 1960; Limstrom 
1964; Limstrom and Merz 1949). The capacity of forest tree seedlings 
to thoroughly exploit the spoil volume in their vicinity for available 
moisture is thus of considerable importance in revegetation efforts. 
General references to the ability of a mycorrhizal association to 
facil itate the absorption of water by the host on surface mine spoils 
have been made by several workers (Marx 1975; Marx 1976; Marx 1980; 
Mays and Bengtson 1978; Schramm 1966), but studies specifically 
concerned \'Jith this phenomenon are lacking. It has been demonstrated 
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that the tolerance of selected ectomycorrhizal fungi to induced water 
stress differs markedly (Mexal and Reid 1973, Worley and Hacskaylo 
1959), and that ectomycorrhizal rhizomorphs can absorb water and 
facilitate its transport over significant distances through the hyphal 
network (Duddridge et al . 1980) . Drought tolerance is a desirable 
trait in symbionts chosen for the inoculation of forest tree seedlings 
destined for use on coal spoils in the Appalachian region, and of the 
many ectomycorrhizal fungj, Pisolithus tinctorius is among those best 
recognized for their ability to form vigorous mycorrhizal associations 
on droughty sites (Trappe 1977). 
CHAPTER I I I  
MATER I ALS AND M ETHODS 
F i e l d  Stu d i e s  
Inocul um Preparat i o n  
The P i sol ithus t i nctorius i nocu l um used i n  t h e  f i e l d  study of 
l obl ol l y  p i ne , des i g nated GA 1 00 ,  was produ ced by the I n st itute of  
Mycorrhi za l  Research and Deve l opment ( IMR D) of  t he USDA Forest 
Serv i ce 1 by the met hods of Ma rx ( 1 969) a nd Marx and Bryan ( 1 975b) .  It 
cons i sted of funga l  mycel ia  grown on a verm i cu l ite-peat moss -nutr i ent 
med ium substrate such  that the hyphae permeated t he verm i cu l ite 
part i c l es .  The Pi so1 ithu s  i nocu 1ums used i n  the study of V i rg i nia p i ne 
cons i sted of three formu l at i ons ; t he GA 1 00 a s  descr i bed above , t he 
ABB 1 00, and t he ABB 200.  The ABB 1 00 and ABB 200 formu lat i on s ,  a l so 
con s i st i ng of fu nga l mycel ia grown on t he verm i cu l ite- peat moss-nutr i ent 
med ium su bstrate of Marx ( 1 969) and Marx and Brya n  ( 1 97 5b) were prepared 
by Abbott Laboratori es . 2 In the f ie l d stu d ies  of l obl o l ly  and V i rg i n ia 
p i ne , GA 1 00 de s i g nat es the appl i cat i on of  1 00 ml / . 0 93 m2 of  the 
i nocu l um produced by IMRD  to the nursery bed . I n  t he study of V i rg i n ia 
p i ne ,  ABB 100 and ABB 200 des i gnates t he a pp l i cat i on of 100 m 1/ . 093 m2 
1 Sout hea stern Forest Experi ment Stat ion , Forestry Sci ences 
Laboratory ,  Carlton Street, Athen s ,  Georg ia 3 06 02 . 
2P 1ant Sc i ence and Ag r i cu ltura l  Chem i ca l  Researc h  D i v i s i on , 
3 6  Oa kwood R oad, Long Grove, I l l i no i s 60047. 
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and  2 00 m1 /. 093 m2 , res pecti ve ly ,  of the i nocu l um produced by Abbott 
Laboratories  to  the  nursery bed. 
Seedl i n g  Producti on 
Lob lo l l y  pi ne . The Pi sol i t hus i nocu l a ted seed l i ng s  and the 
control seed l i ng s  u sed i n  th i s study were g rown by the Weyerhaeuser 
Company3 by the methods  of Marx and Brya n (1 975b ) wi th mod i f i cations  
to  accommodate the  pre va i l i ng s i te fac tors and  soi l condi t ions of  the 
nursery .  The nursery bed was precondi ti oned w i th 560 kg /ha of 1 0-20- 1 0 
(NPK) ferti l i zer a nd 1 1 2 0  kg /ha of do l omi t i c  l imestone three weeks p r i or 
to i nocu l at i on and then fumi gated for fou r days wi th 392 kg /ha of 
Dowfume® MC-2 and aerated for two weeks . Immediate l y  before inocu l a­
t i on , seve ral  soi l su bsampl es were col l ected fro m  the  nursery bed , 
c ombi ned i nto one compos i te sampl e ,  and ana l yzed for texture , percent 
organ i c  ma tter , pH, total N, a va i l ab l e  P, and exchangeabl e K, Ca , Mg , 
and Mn . 4 The Pi so1 i thus  i nocu l u m was app l i ed i n  l ate Apr i l  1 977 to 
des i g nated secti ons of the bed at  the rate of 1 00 ml /. 093 m2 (GA 1 00 )  
and i ncorporated i nto the so i l , wh i l e  the rema i nder of the bed was 
l eft to become i nfested by natura l l y  occu rri ng  ectomycorrhi za1 fu ng i 
for the producti on of control seed l i ng s .  Lo bl ol l y  p i ne seeds (McCurta i n  
Cou nty ,  Okl ahoma seed source ) previ ou s l y  s tra t i f i ed for 45 days a t  4°C  
3Sou thern Forestry Research Center , P. O.  Box 1 060 ,  Hot Spri ngs ,  
Arkansas  7 1 901 . 
45011 analys i s was done by Dr .  Caro l G .  l�el l s ,  USDA Forest  
Servi ce , Forestry Sc iences Laboratory ,  Research Tri ang l e  Par k ,  North 
Caro l i na 27709. 
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were treated wi th Arasan1D and p l anted immediate l y  after the inocu l a­
tio n of the bed. Three applicatio ns of (N H4) 2S04 were app l ied in 
two-week interva l s  at the ra te o f  1 1 2  kg/ha/app 1 icatio n beginning in  
June 1 977 . The seed l ings  were treated with  one app lication of Modown1D 
(4 . 2  kg/ha) in May for weed contro l  wit h  three addi tio na l appl icatio ns  
in mon thly interval s at one-ha l f the initia l app lication rate ( 1 . 88 
kg/ha/app 1ication) , 1 0  app lications  of  Fermate1D ( 2 . 24 kg/ ha/app 1ica­
tio n) for ru st protection wi th biweek ly  app lication s  beginning i n  May , 
and three applications of DiSyston1D ( 75 1/ ha/app 1ication) in month ly  
interval s beginning in Ju l y  fo r tip moth  co ntro l . I n  Sep tember ,  1 1 9  
kg/ha of KCL as 0-0-60 ( NPK) was app lied for hardening and the bed was 
then l a tera l l y  undercu t .  The seed l ings  we re lifted by hand i n  January 
1 978 and graded to a heigh t  o f  1 5  cm and a root co l l ar diameter of 3 mm . 
Ten seedlin g s  were randoml y selected from both the inocu l ated and 
con t ro l  section s  of the bed , mea su rements  were made of height ,  root  
col l ar diameter , and  top and  root fresh weig hts ,  and the ectomycorrhizal 
devel opment was eva luated by IMR D  by the method of Marx et a 1 . ( 1 976) . 
The seed lings were s tored at 5 °C for two mon ths prio r to outp l anting . 
Virginia pine .  The Pisolithu s  i nocu l ated seed l i ng s  and the 
contro l  seed lings  u sed in  this  stu dy were grown by the Val l onia , 
I ndiana State Nursery5 by the method of Marx and Bryan ( 1 975b) with 
modifi ca tio ns to accommodate the prevai li ng site fac tors  and soil 
con ditions  of the nursery . The nursery bed was fertilized with 448 
5 Indiana Division of Forestry , Val l onia , I ndiana 4 728 1 . 
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kg/ ha of 1 2-1 2-1 2 (NPK )  ferti l i zer i n  ea rly Apr i l 1 978 , a nd then 
fum i  ga ted one month 1 ater w i th 448 kg/ha  of Dowfume ® MC-2 for fou r  
days and aerated for two weeks . I mmed i ate ly  pri or to i nocu l a t i on ,  
several so i l  subsampl es were col l ected ,  combi ned i nto one compos i te 
sampl e ,  a nd anal yzed for textu re , pH, tota l N ,  ava i l a b l e  P ,  and  
exc hangeabl e K,  Ca , and  Mg . 6 The GA 1 00 and ABB 1 00 i noc u l ums were 
app l i ed at the ra te of 1 00 ml / . 093 m2 and the ABB 200 at the ra te of 
200 ml / . 0 93 m2 to des i gnated sections  of the bed i n  m i d May and 
i ncorporated i nto the soil , whi l e  the rema inder of the bed was l eft to 
become i n fested by natura l l y  occurri n g  ectomycorrh iza l fu ngi for the 
producti on  of control  seed l i ng s .  Vi rgin ia pine seed s ( southern 
I n di ana  seed sou rce) prev ious l y  strat i fied for two months at 4°C were 
treated wi th Arasan ® and pl anted i mmediate ly  after the inocul ation 'of 
the bed . I n  Ju ne ,  448 kg /ha of 1 2- 1 2-1 2 (NP K) ferti l i zer was app l i ed 
as  a top dres s i ng .  The bed was l a tera l ly  u ndercut and the seedl ings  
l i fted by hand i n  l a te March 1 979 and  graded to a height  of 1 5  cm  a nd 
a root col l ar diameter of 3 mm. Ten seed l ings  were l i fted from each 
section of the bed , measurements were made of  height , root co l l ar 
diameter, a nd top and root fres h  we i ghts , and  the ectomycorrhizal 
devel opment was eva l uated by I tJlRD by the method of Marx et a l . ( 1 976 ) .  
The seed l i ngs  were stored at 5°C for three wee ks pri or to ou tp l antin g .  
6So i l  a na l ysis was done by Dr. Caro l G .  We l l s ,  USDA Forest 
Service , Forestry Sciences laboratory , Research Triang l e  Park, 
North Caro l ina 27709. 
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Study Installation 
Site preparation . The olJtplanting site for the loblolly and 
Virginia pine field studies was a surface mine spoil located on a west 
facing slope on Brushy Mountain in Campbell County, Tennessee 
(36°19'30" N. 84°17130"W) . The site consisted of one upper and one lower 
bench separated by a slope. All mining ceased in the fall of 1977 and 
the spoil was returned to approximate original contour. The site was 
fertilized with 224 kg/ha of NH4 N03. 224 kg/ha of triple superphosphate, 
and 112 kg/ha of K20; hydroseeded with a mixture of Kentucky 31 tall 
fescue ( Festuca arundinacea Schreb.). perennial ryegrass (Lolium 
perenne L.). and Korean lespedeza (Lespedeza st"ipu1acea Maxim . ); and a 
straw-cellulose fiber-asphalt mulch was applied . 
Loblolly pine. Five replicate blocks. each with four 5 x 5 m 
plots. were estab1 ished on the spoil with a 6 m wide border separating each 
plot. Five spoi 1 subsampl es were co 11 ected from each plot at a depth of 0 to 
20 em, combined into one composite sample per plot, and analyzed for 
texture, percent organic matter, pH, total N, N03, N H3, weak and strong 
bray P ,  and K, Ca, Mg, Fe, Al, Zn, Mn, Cu. S, B, and Mo . Texture "las 
determined by the hydrometer method; percent organic matter by the 
Walkley-Black method; pH by use of a glass electrode on a 1:1 mixture 
of spoil and distilled water; total N by macro-Kjeldahl digestion; N03 
by an Orion ® specific ion electrode after extraction with CaS04; NH3 
by steam distillation; weak and strong bray P colorimetrically after 
extraction with HCl and N H4 F; K, Ca, and Mg by atomic absorption after 
extraction with NH4C2H302; Fe, Al, Zn, Mn, and Cu by atomic absorption 
after extraction with HC1; S turbidimetrically after extraction with 
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NH4C2H302 ; B co l or imetr i ca l ly after ex traction  wi th wa ter; a nd Mo by the 
a c i d  ammon ium oxa late method (Amer i can  Soc i e ty of Agronomy 1 965 ) .  
Ana l yses of var iance were made on a l l spo i l  da ta a n d  the d i fferences among 
mea n s  were eva lua ted w ith  Dun can's  Mu l t ip l e  Ra nge Te st ( P=0 .05 ) .  One of 
four treatments wa s random l y  a s s i gned to each  of the four p l o ts withi n a 
rep l i ca te bl oc k .  The treatmen ts i n  th i s  ran dom i zed b l o c k  des i gn were 
GA 100 seedl i ng s  fert i l i zed a t  the ra te of 112 kg/ha NPK ,  contro l seed­
l i ngs ferti l i zed at an  identi cal rate , GA 100 seedl i ng s  wi thou t ferti­
l i za t i o n , and con t rol  seedl i ng s  wi thout ferti l i za t i on . Twen ty-five 
seedl i ng s  were planted by hand i n  Apr i l 1 978 i n  ea ch  p l ot i n  f ive rows 
of f i ve seed l i ng s  each . The spac i ng of seed l i ng s  w i thi n and  betwee n 
rows was app rox ima te ly  1 . 25 m .  One hu nd red fou rteen grams of 15-15- 15 ( NP K) 
g ranular  ferti 1 i zer wa s even ly di str i bu ted over 0 . 3 7  m2 around eac h  of the 
app ropriate seedl i ng s  i n  ea rly June to ach ieve the fert i l i za t i on 
equ i va l ent  of 1 1 2  kg/ha of N PK (a s N ,  P205, and K20 ) . 
V i rg i n ia p i ne .  Three rep l i ca te bl ocks , each wi th  fou r 5 x 1 0  m 
p l ots , were estab l i shed on the sp o i l  wi th a 6 m wide  border separa t i ng 
eac h  p l o t .  Each  p l ot wa s d i v i ded i nto two subp l ots . F i ve spoi l  
su bsamp l e s  were co l l ected from eac h  subp l ot at  a dep th of 0 to 20 cm , 
combi ned  i n to one compos i te samp l e  per  subp l ot ,  a nd ana l yzed for 
textu re ,  percent orga n i c  matter ,  pH , tota l N, N03, NH3, wea k and stron g 
bray P, a nd K, Ca , Mg , Fe , Al , Zn , Mn , Cu , S ,  B ,  a nd Mo by the methods 
descri bed above for the l obl o l l y  p i ne study spo i l sampl es .  Ana l yses 
of va r iance were ma de on a l l sp oi l data and the d i fferences amo ng means  
were eva lua ted w ith  Du ncan' s Mu l t ip l e  Range Test  ( P=0 .05 ) .  One of 
fou r ectomycorrhi za l  trea tments was ra ndomly a s s i gned to eac h  of  the 
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four pl ots wit h i n  a repl i cate b lock ,  and each of t he two su bplot s 
\'1 ith i n  a p lot was a s s i gned a fe rt i l  i zat ion treatment (e it her fert i l  i zed 
or no nfert i l i zed ) .  The ectomycorr h i za l  treatment s of t he seedl i ng s  i n  
t h i s  sp l it  plot des i gn were the Ga 1 00, the  ABS 100, the ABS 200 , and 
the cont rol s i nfected with funga l syrnb iont s  endem i c  to the nursery .  
Twenty-fi ve seedl i ng s  were pl ant ed by hand i n  Apri l 1 979 i n  each 
subplot in f i ve rows of f ive seedl i ng s  each with a spac i ng with i n  and 
between rows of approximately  1 . 25 m .  One hundred fou rteen grams of 
1 5-1 5-1 5 ( NPK )  granu l ar fert i l i zer wa s even l y  d i str i buted over 0 . 37 m2 
arou nd each of the appropriate seedl i ng s  i n  l ate May to ach i eve t he 
fert i l i zat io n equ ival ent of 1 1 2 kg/ha of N P K  (as N ,  P20S ' and K20 ) .  
Data Co l l ect ion and Stat i st ical An aly s i s  
Survival and growth . At p l a nt i ng ,  mea surement s of hei g ht and  
root col l a r  d i ameter were taken of each seed l i ng. Survival,  he i g ht, 
and root co l l ar d i ameter mea surement s were taken aga i n  i n  March 1 97 9 ,  
March 1 980 , and May 1 981 fo r lob lol ly  p i n e  and March  1 980 a n d  May 1 981 
for V i rg i n ia p i ne .  He i ght and root co l l ar d i ameter measurements for 
each succeedi ng year of  the, stu d i e s  were a l so ex pressed as  rel at i ve 
g rowth i nd i ces  by subtract i ng the i n it i a l  measu rement s from the yearly 
measurements and  d i v i d i ng by the i n it i a l measu rements . Growth 
parameters expressed i n  t h i s  manner compensate for i n i t i a l  d if ferences 
i n  seed l i ng s i ze and va riat ion i n  pl ant i ng dept h .  The p lot vo lume 
i ndex ( PV I )  of Marx et a l . ( 1 977a ) ,  wh i c h  i nco rporates both surv i va l  
and grm'lt h ,  was employed a s  a n  i nd i cator o f  overa l l seed l i ng 
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performance . The PV I was al so expressed as a re l at ive i n dex (RPV I )  by 
su btrac t i ng the i n i ti a l  PVI from the year ly  PV I and d i v i d i ng by the 
i n i ti a l  PV I .  Anal yses of vari ance were made on  a l l data and the 
d i ffe rences among mean s were eva l uated wi th Duncan's Mu l ti p l e  Range 
Tes t  (P=0. 05 ) .  
Nu tri ent absorpti on . I n  l a te Ju l y  1979 and  l ate Ju l y  1980. 
curren t-year need l e  subsampl es were col l ec ted from each of the n i ne 
i nter ior  seed l i ng s of  the l o bl o l ly p i ne p l ots a nd combi ned i n to one 
compos i te sampl e  per p l ot and yea r .  The need l es were 7 0  t o  90 percent 
e l ongated at the t ime of sampl i ng .  S im i l ar l y ,  i n  l ate Ju l y  1980. 
cu rrent-year need l e  subsampl es were co l l ec ted from each of the n i ne 
i n terior  seed l i ngs  of the V i rg i n i a  p i ne s ubpl ots and  combi ned i nto one 
compos i te sampl e  per s ubp l o t .  I f  l es s  than f i ve o f  the n i ne i nterior 
seedl i ngs  of a p l ot (for l ob l o l l y  pi ne ) or s ubp lot (for V i rg i n i a  pi n e )  
were s u rv i vi n g  at  the t ime of sampl i ng .  no  samp l e  was col l ected .  
Immed i a te l y  after samp l i ng ,  a l l samp l es were dr i ed at  100°C for 24  
hours  i n  a forced-draft oven , g round  in  a W i l ey m i l l  to pass a 20-mesh  
screen , and  sea l ed i n  a i r-t i ght g l ass  j �rs . The samp l es were 
chem ical l y  anal yzed for total N, N03 , P ,  K, Ca , M g ,  Fe , Al . Zn. Mn , Cu.  
S .  B, and Mo . Tota l N was detenni ned by macro-Kje l da hl d i gestion ; 
N 03 by an  Orion GD s pec i f i c  i on el ectrode after extract ion w i th 
AG2S04 ; P and  B col ori metri ca l l y  after dry ash i ng  and  bei ng ta ken u p  i n  
HC 1 ;  S turbi d imetri cal l y  after fi x i ng wi th  Mg (N03 ) 2 ; and K ,  Ca. Mg , Fe , 
Al , Zn,  Mn , Cu , and  Mo by atomi c absorption  after dry a s hi ng a n d  bei n g  
ta ken  u p  i n  HCl (Associ ation  o f  Offi c i a l  Ana l yti ca l  C hemi sts 1980 ) . 
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Ana lyses of vari ance were made on  a l l data and the d iffe rences among 
mean s  were eva l uated w ith  D u nc an IS Mu l t i p l e  Ra nge Test ( P=O .05 ) .  
Mo i s ture s tress . I n  early July 1 980 , f i ve T ru-C hek® ra i n  
gauges we re i nstal l ed o n  the f i e l d study s i te suc h  that prec i p i tation  
fa l l i ng on any part of the s i te coul d b e  detec ted and meas ured w ith i n 
a 24-hour per iod . Al so , the percent ground cover of eac h  p l ot of 
l ob l o l l y  pi ne and each  sub p l ot of V i r g i n i a  p i ne was determ i ned by the 
g u i ded est imate method of P h i l l i p s  ( 1 959 ) i n  order to eval uate the 
eff ec t of c ompeti ng vegetat i on on seed l i ng moi stu re status .  D ur i ng 
the th i rd week  of Ju l y ,  a PMS ® Mode l  600 portab l e  pressure b omb was 
employed to eva l uate the i nternal  water statu s  of the l ob l o l l y  and 
V i rg i n ia  p i ne seedl i ng s  of eac h ec tomycorrh i za l-ferti l i zat ion  treat­
ment comb i nat i on . F ive  seedl i ng s  from each  pl ot (for l ob l ol ly  p i ne )  
o r  subp l ot (for Vi rg i n i a  p i ne )  w i th i n  eac h rep l ica te b l ock were 
randomly sel ected for  measurement. If there were l es s  than f ive  
s urv i v i ng seed l i ng s  in  a p l ot or  s ub p l ot ,  then  a l l surv i v i ng seed l i ng s  
were measured. A maximum of two repl icate b l ocks of l ob l o l ly  p i ne or 
one repl icate block of V i rg i n i a  pi ne were tes ted dur i ng a s i ng l e  day. 
One hour pr i or to measurement ,  an  I rrometer® Model  M e i g ht- i nc h  so i l  
ten s i ometer was i ns ta l l ed at the  center of each pl ot or sub p l ot to be 
tes ted to  prov ide an i nd ica t io n of spoi l moi s ture s tatu s .  Measurements 
of xyl em poten t ia l , an i nd icator of the i nterna l mo i s tu re s ta tu s  of 
the seed l i ng s , were made at dawn , when mo i sture stress was l east , and 
i n  the ea rl y af ternoon , when  it was greatest ,  by the method of Wari ng 
and  C l eary ( 1 967 ). The dawn measu reme nts were b egun  at 6 :00 a.m.  and 
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c omp l eted by 7 :00 a.m .  At  the  measurement of eac h i nd i v i dual  
seedl i n g ,  the so i l  tens i ometer read i ng was recorded . Sma l l branches 
of  s i mi l ar s iz e  were sel ecte d from t he f i rst  l i ve whorl for meas ure­
ment . The xyl em potent i al of the see dl i ngs was recorded i n  l b/i n2. 
Thi s p rocedure wa s repea ted i n  the early afternoon between 1 :00 p .m.  
and 2 : 00 p .m. on the seedl i ng s  pre vi ous l y  measure d  a t  dawn of the 
same day. Al l measurements of the xyl em poten t i a l  i n  l b/i n2 were 
converted to negat ive mega pas ca l s  (MPa ) .  The rel at ive  change i n  
xyl em potent ia l  was determ i ned  by s ubtract i ng the dawn measurement 
from the afternoon measu rement and di vid i ng by the dawn measureme n t .  
The h e i g ht and  root col l ar d iameter o f  t h e  tes te d  seedl i ngs were 
recorded and an est ima te of seedl i ng vol ume was determi ne d by 
mu l t i p l yi ng  the hei g ht of  each seed l i ng by the square of its  root 
co l l a r  d i ameter (Marx et a l . 1 977a ) .  Ana lyses ,  of  var i ance were made 
on  a l l  data and the di fferences among mean s  were eval uated w i th 
Du ncan's Mu l t i p l e  Range Test  (P=0 . 05 ) .  
Greenhou se S tud i e s  
Inocu l um P repa rat ion  
The P i sol i thus  t i n ctor i u s  i nocu l um u sed  i n  the  g reenhou se 
s tud i e s  of  swee t b i rch and European a l der,  des i gnated ESD 200 , was 
prod uced  at  Oak R i dg e  Nati onal Laboratory by the methods of Marx 
(1 969 ) and Marx and  Bryan (1 975b ) .  I t  cons i sted of fu nga l  myce l i a  
g rown ,on a verm i cu l i te-peat moss- nutri ent  med i um su bstrate such  that 
the hyphae permeated the vermi c ul i te parti cl es . Th i s  i nocu l um was 
a pp l i e d  at the rate of 200 ml / . 093 m2 of both the sand and m i ne spoi l 
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potting media. The inoculum was s tored at So C for six weeks prior to 
inocu l a tion of the sand and fo r two weeks prior to i noculation of the 
mine spoi l . A s teri l e  mixture of vermicu lite and peat moss was used 
for the prod uc tion of contro l seedl i ng s . 
Potting Media Preparation 
San d .  Whi te q uartz sand , screened through a U . S . A . No . 1 0  
s i eve ,  was acid washed for five days u sing 6 .S percent HC 1 .  Prior to 
ac i d  wa shing , the pH of the sand was determined by adding one part 
sand to one part dis ti l l ed water ( by weight) ,  mechan i ca l l y  s tirring the 
mix ture for one hou r ,  and determi ning the pH with  a s tandardized g l a ss  
electrode . The sand was rinsed wit h  distilled water by p l acing it  on  
32..mesh  s tain l es s  steel screen so that any s i l t  or c l ay particl es 
were removed. Rinsing  continued unt i l the pH returned to the va l ue 
existing prior to the aci d was h ,  as  mea sured by the method described 
above . The sand was fumigated with 3.4 g/ kg of Dowfume ® MC-2 for 
three days and aerated for four days prior to inocu l at i on . 
Mine  spoi l . Fre s h  spo i l from a coa l  su rface m i ne i n  Campbel l 
Cou n ty ,  Tennessee was crushed a n d  homogenized with a mechanica l so i l  
s hredder to pa ss  a 2 .S4 cm mesh  s creen . The spoil wa s fumigated with  
1 . 3  g/ kg of  Dowfume ® MC-2 for t hree days and  aerated for five days 
prior to inoculation . Ten spoil samples were randomly collected and 
analyzed for tex tu re ,  percent organic ma tter ,  pH,  tota l N ,  N03 , NH3 , 
wea k and strong bray P ,  and K, Ca , Mg , Fe , Al , Zn , M n ,  Cu , S ,  B ,  and 
Mo by the methods previously described for the l oblolly  pine fiel d  
study spo i l  samp l e s .  
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Study I nsta l l atio n 
Fou r hun dred thirty-two mi l l il i te rs of the ESD 2 00 Pisolithus  
tinctorius  inocul um was applied to  each of  six 50 x 40  x 6 . 4  cm seed 
fl ats fil l ed with  the acid-wa shed quartz sand , and each of the fl ats 
was sown with  300 sweet birch or European alder seed s (ea s t  Tennessee 
seed source ; germination tests revea l ed the germination success  of the 
seed l ots  of both s pecies to be approximatel y  2 5  percen t ) . The seeds 
were previou s l y  stratified u nder moist  conditions at  3 °e for eig ht 
weeks and s te ri lized by the water rinse s terilization method of 
Ka rrfa 1 t7 (personal communic ation ) . Six additional seed fl ats  wi th a 
ste ri l e mixtu re of vermic ulite a nd peat moss  repl acing  the ESD  2 00 
inocul um were i d entica l l y  prepared and sown for the production of 
control seed l ing s .  The fl ats were misted with disti l l ed water for 1 0  
minu tes  twice daily  u nti l germination . Each of the  three fl ats of each 
species-ectomycorrhiza l treatment combi nation was desi g nated to receive 
one of three nutrient  trea tments ; one- half concentration of Hoag l and ' s  
#2 nutrient  sol u tion with  micronutrients and  iro n ,  one-quarter 
concentra t i on of Hoag l and ' s  #2 n u trient so l ution with micronutrients 
and iron , or one-eighth concentratio n of Hoag l and ' s #2  n utrient 
sol ution with micronutrients and i ron (Hoag l and and Arnon  1 95 0) .  Each 
f lat  received o ne l iter of the appropria te nutrient concentra tion each  
wee k beginning at  germination . I ron was a pplied with every fourth 
application of the nutrient so l u ti on s .  The f l ats were watered with 
di s ti l l ed water twice wee k l y , and the photoperiod was maintained at 
7 USDA Fores t  Service , Sou thea s tern Forest Experiment  Station , 
P .  O .  Box 81 9 ,  Macon , Georgia 3 1 298 . 
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1 6  hou rs w ith  supp l emental l i g hti ng .  The temperature i n  the greenhou se 
was 32°C duri ng the day and 26°C a t  n i ght .  After f ive mon ths , four  
seedl i ng s  of each  spec i e s  and ectomycorrh i za l -nutr i ent  treatment  
combi nation , compri s i ng one  rep l i ca t i on ,  were transpl an ted to each  of  
1 1  po lyethyl ene contai ners ( 1 1 . 4 1 capaci ty ) . Seedl i ngs i nocu l ated 
wi th P i sol i thus i n  the seed f l a ts were rei n ocu l ated by i n corporati ng 
1 32 m l  of the ESD 200 i nocu l um i nto the mi ne s po i l  of the a ppropriate 
con tai ners , whi l e  1 32 ml of the s ter i l e  m i xture of vermi cu l i te  and 
peat moss was a ppl i ed to contai ners recei v i ng control seed l i n gs . 
Care was taken to i n sure that a l l seed l i ng s  w i th i n  a spec ies  and 
ectomycorrhi zal - nutrient  treatment  were s imi l ar in  s i ze .  Nutr i ent 
treatme nts wi th concentrati ons i denti cal to those descri bed above were 
conti nued except that each con ta i ner (rep l i cation )  recei v ed 250 ml of  
the  appropr iate nutri ent concentra t i on every three weeks and the i ron 
su ppl ement was a ppl i ed every 1 2  wee ks . The seedl i ngs were watered 
twi ce weekly wi th d i sti l l ed wa ter and the greenhouse  cond i tions 
ma i ntai ned dur i ng growth i n  the seed f l a ts were con ti nued throu ghou t 
the  s tudy. Three app l i cati on s  of  Resmethri n GD at 0 . 39 ml /m2/ 
appl i cati on were appl i ed i n  s i x-mon th i nterval s to control wh i tefl i es . 
The pos i ti o n  of the conta i ne rs wi thi n  the g reenhouse was changed 
every three mon ths to i nsure tha t  a l l seed l i ng s  were subj ected to 
s imi l ar overa l l  g rowth condi t i ons . 
Data Col l ection and Stati s t ica l  Ana lys i s  
G rowth and ectomycorrhi za l  devel opment . After five months ' 
g rowth i n  the seed fl ats , e i ght seedl i ng s  were randoml y se l ected  from 
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each s peci es and ectomycorrh i za l - nutrient  treatment combi nat ion ,  
measu rements were made of  h e i g ht and root co l l ar d i ameter , and  an 
est imate of seed l i ng vol ume was determi ned  by mul t i pl y i ng t he hei ght  
of  each  seedl i ng by the square of i ts root col l a r  d i ameter (Marx et al . 
1 977a ) .  The roots of these seedl i ngs were washed free of pott i ng 
med i um and the percent ectomycorrh i za 1  format i on by symbiont  was 
determ i ned by measuri ng the l eng th of a l l  l a tera l  roots i n  cent i­
meters , counting  the number of  cent imeters i nfec ted by each  spec i fi c  
symb ion t ,  and expres s i ng the l evel  of  i nfect ion  of each symbiont a s  a 
percent .  Th i s  analys i s  was performed u nder mag n i fi cation  by mounti ng a 
transparent 1 . 0 cm2 g r i d  o n  the m i c ro s cope s tage . Each symbi ont was 
i dent i f i ed by the characteri s t i c  a ppearance of i ts ectomycorrh i zae . 
These seed l i ngs were then dr ied  a t  1 00°C  for 24 hours i n  a forced-draft 
oven , the top and  root dry we i ghts  were measured , and the top/root 
ra t i o  was determi ned. At trans p l a nt i n g , and aga i n  1 8  months after 
transp l anti ng at the compl eti on of the s tudy , measurements of he i ght  
and root col l a r  d iameter were made on  a l l seed l i ng s  g rowi ng i n  the 
m i ne s po i l  and an estimate was made of s eed l i ng vo l ume by the  method 
descri bed a bove . Three rep l i cat i on s  of  each s pec i es and  ectomycorrhi zal ­
n utr ient  treatment combina t i on were random l y  sel ected at the end of the 
study to assess ectomycorrh i za 1  deve l opmen t .  The roots were was hed 
free of potti ng  med i um,  and the  percent ectomycorrhi zal formation  by 
symb ion t  was dete rm i ned by coun t i ng a l l l ateral roots , determi n i n g  the 
number of l a teral roots i nfec ted by each s pec i f i c  symb iont ,  and  
express i ng the  l eve l  of  i n fection of each  symbi ont as  a percen t .  
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Al so , the n umber of root nodu l es was determined for each European 
a l de r  seed l ing . These seed l ing s were then dried at 1 00°C  for 24 hours 
in a forced-draft oven , the top and root dry we ig hts were measured , 
a nd the top/root ratio was dete rmined .  Ana l yses  of variance were made 
on  a l l data and the differences among  mea ns were eva l uated with 
Duncan ' s  Mu l tip l e Range Test ( P=0 . 05 ) .  The statistica l a na l ysis  of 
the percent ectomycorrhizal  devel opment was done separate ly  for each 
ectomycorrhizal  treatment.  
Nutrient absorption . E ig hteen months after tra nspl anting from 
sand to mine s poi l , seven rep l i cations o f  seedl ings  of each species 
a nd ectomycor rhizal -nutrien t  treatment  combinat ion were random l y  
s e l ected to a s sess  the effect o f  eac h treatment on nutrient absorption . 
Current-year l eaves were col l e cted from each of the fou r seedl ings  of 
each  repl ication and combined into one compos ite sampl e per rep l ica­
tio n .  The l eaves were 70  to 9 0  percent expanded a t  the time o f  
col l ection. The fo l iar  sampl es  were co l l ected 1 0  days after the 
appl ication of the final nutrient treatments . Immediately after 
col l ectio n ,  a l l  sampl es  were d ried at 1 00°C  for 24  hou rs i n  a forced­
draft oven , grou nd in a Wi l ey mi l l  to pass  a 20-mesh  screen , and 
s ea l ed i n  a ir-tight g l ass  j a rs . The samp les  were chemica l ly ana lyzed 
for total N ,  N03 , P ,  K ,  Ca , Mg , Fe , A l , Zn , Mn , Cu , S ,  B ,  and  Me by 
the method s previou s l y  descr i bed for the lobl o l l y  and Virginia pine 
fie l d  study fol ia r  samp l es . A na l yses of variance were made on  al l 
data and the differences among means were eva l uated wit h Du ncan ' s  
Mu l ti p l e  Range Test ( P=0 . 05 ) .  
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Moi stu re s tress . E i ghteen months after transp l ant i ng from sand  
to  m i ne s po i l , fi ve rep l ica t ions of s eed l i ng s  of each  s pec i es and  
ectomycorrhi zal -nutr ient  treatment combi nat ion  were ran doml y sel ected 
to assess  the effect of each treatmen t on seedl i n g  moi s ture s ta tu s . 
The xyl em potent ia l  of each of three randomly  sel ected seed l i ng s  from 
one repl i cation  of each speci e s  and treatment  combi nati o n  was measured 
each day at dawn , when moi stu re s tress  was l east ,  and i n  the early 
afte rnoon ,  when i t  was g reates t ,  by the method of  War i n g  and C l eary 
(1 967 )  u s i ng a PMS® Mode l  6 00 porta b l e  pressure bomb . The rep l i ca-
tions to be tested were not  watered for e i g ht days pr ior  to  measu remen t .  
One hour prior  to mea su rement , a n  I rrometer ® Model  M e i ght- i nch soi l 
ten s i ometer was i nstal l ed a t  the cen te r  of each conta i ner ( rep l i ca­
t ion ) to be tested to prov i d e  an i nd i cation  of  s poi l mo i stu re s tatus . 
The dawn measuremen ts were begun at 6 : 00 a .m .  and  compl eted by 7 :00 a .m .  
At  the  measurement  of  each i nd i v ; dua1 seed l i ng ,  the  soi l  tens iometer 
read ing  was recorded . Smal l bran ches of  s i mi l ar s i ze were se l ected 
from the f ir st  l i ve whorl for measurement .  The  xyl em potenti a l  of  the 
seedl i ngs  was recorded in l b /i n 2 . Thi s procedu re wa s repeated in the 
earl y afternoon between 1 : 00 p .m .  and 2 : 00 p . m.  on the seedl i ngs  
prev i ou s l y  measured at  dawn of  the  same day , Al l mea s urements of xyl em 
potent ia l  i n  1 b/i n2 were converted to negative megapasca 1 s (MPa ) .  The 
re l at i ve change  i n  xyl em potent ia l  was determi ned by subtracti ng  the 
dawn measuremen t from the afternoon measu rement and  d i v i d i ng by the 
dawn measuremen t .  The he i gh t  and root col l ar di ameter of the tes ted  
seedl i ngs  was recorded and  an estimate of seed l i ng vol u me was 
determined by multiplying the height of each seedling by the square 
of its root collar diameter (Marx et al. 1977a). Analyses of 
variance were made on all data and the differences among means were 
evaluated with Duncan 1 s  Multiple Range Test (P=O.05). 
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CHAPTER IV  
RESULTS 
F i e l d Studi e s :  Lobl ol ly P i n e  
Nursery Performance 
The mechan i ca l  ana l ys i s  of  the nursery soi l samp l e s  co l l ecte d 
prior to the i nocu l at ion  of the bed revea l ed the soi l type to be sand 
wi th  90 percent sand, 6 percent s i l t ,  and 4 percent c l ay .  The organ i c  
matter conten t was 0 . 5 percent . The soi l  chemi cal ana l ys i s  revea l ed a 
pH  of 5.5 wi th  1 4 2 ,  4 3 ,  3 1, 1 06 ,  1 2 ,  and 24 p pm of total N ,  ava i l abl e 
P ,  a n d  exchangeabl e K ,  Ca , Mg , and  Mn , res pect i ve l y .  The seedl i ngs 
i nocul ated i n  the nursery w i th P i sol i th u s  ti nctor i u s  (GA l Oa ) ha d 
1 5  percent  of the i r feeder root$ i nfected with  t h i s  symbi ont  a n d  
1 7  percent i nfecte d  wi th othe r  natura l l y  occu rring  ectomycorrhi zal 
fu ng i , primari l y  The 1 ephora terrestr i s  Ehrh . ex Fr . The total  
e ctomycorrhi zal i nfection of  the GA 1 00 seedl i ngs was 32  percent ,  and 
90 percent of the seedl i ngs  examine d  were i nfecte d  wi th  P i so 1 i thus . 
The contro l seedl i ngs had 35 percent of the i r  feeder roots i n fected  
with  nat u ra l l y  occurri ng fu ng i , pr imari l y  The l ephora terrestr i s .  
None of the control seedl i ng s  exam i ne d  were i nfecte d wi th P i so1 i thu s .  
The GA  1 00 seedl i ngs  had a mean he i g h t  of  25 . 1  cm , a mea n  root col l a r  
di ameter o f  4 . 6  mm ,  a mean top fresh  wei ght  o f  1 2 .5 g ,  and a mean root 
fre s h  wei ght of 2 . 7  g .  The mean h e i g h t  of the contro l seedl i ng s  was 
23 . 7 cm, the mean root col l a r  di ameter was 4 . 0  mm, and the mean top 
and root fresh  we i g hts  were 1 0 . 4  g and 2. 2 g ,  res pect i vel y.  
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Spoi l Ana lys i s  
The mechan i ca l  and chemi ca l  ana l ys i s  of the s poi l sampl es  
col l ected a t  outpl an t i ng revea l ed tha t the  p l ots des i gnated to  recei ve 
the  l obl ol l y  p i ne seedl i ng s  were fa i rl y  un i form wi th respec t to al l of 
the parame ters tested . No s i g n i fi cant  d i fference ex i sted for any 
parameter  between the grou p s  of p l ots des i g nated for each 
ectomycorrh i zal -ferti l i zat ion  treatment combi nat ion .  The means  for a l l  
p l ots were 3 8. 7 ,  33 . 5 , and 27 . 8  percent  sand, s i l t, and cl ay, 
respecti vel y ;  3 . 1 percent organ i c  matte r ;  pH 6 . 0 ;  and 1 049, 1 5 ,  1 9 , 1 2 ,  
6 1 , 1 20 , 1 308, 3 08, 340, 1 2 , 9 . 3 , 1 3 6 , 6 . 0 , 1 87 , 0. 5 ,  and 0 . 43 p pm, 
respecti ve l y ,  of total  N ,  N 03 , NH3 , weak  b ray P, s trong bray P, K ,  Ca , 
Mg , Fe , Al , Zn, �ln , Cu ,  S ,  B ,  and Mo.  Th i s  spo i l  was typi ca l  of  those 
found i n  the southern Appa l ach i ans w ith  h i gh 1 evel s of Fe, Mn , and S, 
a l thoug h these e l evated concent ra t i ons  are more commonl y assoc i ated 
wi th a l ower pH t han  exi s ted on th i s  s i te .  It a l so had h i g h  l eve l s  of 
Zn , C u ,  and Mo. Gi ven the narrow marg i n  beb/een defi c i ent  and tox i c  
l evel s of severa l  o f  these e l ements ,  the potenti a l  ex i sts for one o r  
more of  them t o  produce toxi c i ty symptoms i n  vegetat ion . Th i s  spo i l 
was a typi ca l  of those  i n  the sou thern Appa l ach i ans i n  that n i trogen 
and  phosphorus were s uffi c i en t  for moderate 
"
p roduct i v i ty of most of 
the common ly used recl amation  speci e s  and there were high l evel s  of 
Ca and Mg.  
Surv i va l  and G rowth 
The surv i va l  of the l obl ol l y  p i ne seed l i ng s  was s i g n i f i cantly 
affected a fter three years by an i nfec t ion  with P i so1 i thus and by 
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ferti l i zation (Tab l e  1 ) . Genera l l y, P i sol i thus p romoted enhanced 
surv ival  of the GA 1 00 seedl i ng s ,  bu t ferti l i zat ion reduced surv ival 
i rrespect i ve of the ectomycorrhi za 1  trea tment . The i nterac ti on  of the 
two treatments res u l ted i n  some moderat i on of the i r oppos i te effects , 
bu t an  i nfecti on with  P i sol i thus  was on ly  parti al l y  capa b l e  of 
compensat i n g  for the reduced survi val associ ated w ith  ferti l i zat ion .  
After one  year, both the nonferti l i zed GA 1 00 and the  nonferti l i zed  
control seedl i ng s  had s i gn i f icant ly  g reater survival than the 
ferti l i zed control seedl i ng s .  After three years , t h e  nonferti l i zed 
GA 1 00 seedl i ng s  exh i b i t ed surviva l  super i o r  to that of a l l of the 
o ther treatment combi nat i ons , and the ferti l i zed GA 1 00 and non­
ferti l i zed control seedl i ngs had g reater surv i va l  than the fert i l i zed 
control seed l i ng s .  There were  al so s i g n i f i cant  d i fferences . among the 
ectomycorrh i zal - ferti l i zat ion  treatment combi nat i ons i n  the rel at i ve 
g rowth i n  hei gh t  after three years,  and su bstanti a l , a l thoug h not  
s tati st i ca l l y  s i g n i ficant, d i fferences in  the  rel at ive  g rowth i n  root 
col l ar d i ameter (Tab l e  2 ) .  I n i t i a l l y, there were no . s i g n i f i cant  
d i fferences amo ng the  treatment comb i nat i ons  i n  hei g ht, and on l y  
marg i na l  d i fferences  i n  root  col l ar d i ameter (Tab l e  1 ) . However ,  
after three years , the rel at ive  g rowth of  the  GA  1 00 seedl i ngs  was 
general l y  greater than that of the control seedl i n g s ,  and the rel ative  
g rowth of the  ferti l i zed seedl i ng s  was genera l l y g reater than that  of 
the nonferti l i zed seedl i ng s . The d i fferences i n  surv i va l  and growth 
among the treatment  comb i nat ions  became more apparent after these 
parameters were cal cu l ated to p l ot vol ume i nd i ces .  After three 
Tab l e  1 .  Su r v i v a l  and growth o f  l ob l o l l y p i ne w i th and w i thout 
P i so l i th u s  t i n e t o r i u s  a n d  w i th a n d  w i thou t f e rt i l i z a­
t i on o n  a coa l s po i l i n  Ten n es see . 
Root 
P e rc e n t  He i ght Co l l a r  P V I  
Ye ar Treatme n t  Su r v i v a l  ( ern ) Di a (mm) (cm3 ) 
I n i t i a l GA 1 00 1 7 . 0a 4 . 2a S 1 . 1 a 
Fert i l i zed 
GA 1 00 1 6 .  1 a 3 . Sb 6 5 . 9a 
Non f e rt i l i ze d  
Contro 1 1 5 . Sa 4 .  l ab 7 1 . 4 a  
Fert i l i zed 
Con tro l 1 6 . 4a 3 . 9ab 68 . 8a 
Non f e rt i l i ze d  
G A  1 00 63ab 2 3 . 7 a 5 .  1 a 1 66 . 8a 
Fert i l i zed 
GA 1 0 0  9 3 a  2 0 .  1 a b  4 . 4ab l l S . 4ab 
No n f e rt i l i ze d  
Con tro l 40b 1 8 . 6b 4 . 6ab 6 4 . 9b 
Fert i l i zed 
Contra 1 86a 1 9 . 3b 4 . 30 9 6 . 4ab 
No n f  ert i 1 i zed 
2 GA 1 00 S9ab 3 7 . 3a 7 . 2a 684 . 5a 
Fert i l i zed 
GA 1 0 0  9 l a  30 . 1 a 5 . 8a 3 59 . 7 a 
Non f  ert i 1 i zed 
Contro l 34b 3 5 . 9a 6 . 6a 2 3 7 . 1 a  
Fert i l i zed 
Con tro l 79ab 2 9 . 8 a  5 . 7a 3 2 9 . 7a 
Non f  ert i 1 i zed 
3 GA 1 0 0  5 7 b  6 3 . 1 a  1 1 .  1 a 329 1 . 4a 
Fert i l i ze d  
G A  1 00 86a 49 . 5a 9 . 3a 2403 . 3a 
No nf ert i I i zed 
Cont ro 1 33c 5 6 . Sa 9 . 4a 5 S 9 . 3a 
Fert i l i ze d  
Con tra 1 7 1 b 5 1 . 2a B . 8a 2069 . 5a 
No nf ert i I i z e d  
Mean s w i th i n  a g i ve n  yea r  w i th a c ommon l etter d o  n o t  
d i ffer s i gn i f i c a nt l y between t re atmen t s  a t  P =0 . 0 5 .  
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Tab l e  2 .  Su rv i v a l  and re l at i ve g rowth o f  l o b l o l l y  p i n e w i th a n d  
w i thout Pi so l i thus t i nctori u s  a n d  w i t h  a n d  w i t h o u t  
fert i l i z at i on on  a coa l spo i l i n  Ten n e s s e e . 
Root 
Pe rce n t  C o  1 1  ar  
Year Treatme n t  Su r v i v a l  He i gh t  O i  a RP V I  
GA 1 00 63ab 0 . 40a 0 . 2 4 a  0 . 64 a  
Fer t i  l i ze d  
G A  1 00 93a 0 . 2 4ab 0 . 1 6b 0 . 63a 
Nonfert i l i ze d  
Contro 1 40b O . 20b 0 . 1 8ab -0 . 28a 
Ferti l i z ed 
Contro l 86a 0 . 1 6b O .  1 1  b 0 . 2 7a 
Nonfert i l i z ed 
2 GA 1 00 59ab 1 . 2 7 ab O . 7 7a 5 . 69a 
Fert i l i zed 
GA 1 00 9 1 a  0 . 93ab 0 . 52ab 4 . 3 1 a  
No nfert i l i ze d  
C o n t ro 1 34b 1 . 3 7 a  0 . 70a 1 . 48a 
ferti l i ze d  
C o n t ro 1 79ab 0 . 7 9b 0 . 43b 2 . 7 l a  
No nfert i 1 i ze d  
3 GA 1 00 57b 2 . 88a 1 . 80a 44 . 44a 
Fert i l i zed 
GA 1 00 86a 2 . 22ab 1 . 48a 43 . 9 6 a  
No nf ert i 1 i z e d  
Con tro l 33c 2 . 74ab 1 . 33 a  5 . 09b 
fert i l i zed 
Contro l 7 1 b  2 . 02b 1 . 1 6a 1 9 . 7 6b 
No nfert ; 1 i zed 
Mean s w i th i n a g i ve n  year w i th a c ommon l e tter d o  not 
d i ffer s i gn i f i c a n t l y  between tre atme n t s  at P=0 . 0 5 .  
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years , the rel at i ve growth i n  pl ot vol ume i ndex (RPV I ) of the 
fert i l i zed GA 1 00 seedl i ng s  was 773 percent  g rea ter than that of the 
fert i l i zed control  seedl i ng s  and 1 25 percent  greater than  that of  the 
nonferti l i zed control seed l i ng s ,  wh i l e  the RPVI of the nonfert i l i zed 
GA 1 00 seedl i ng s  was 7 64 and  1 22 percent  g reater than that of the 
fert i l i zed and nonferti 1 i ze d  control  seed l i ng s ,  respecti ve l y . 
Nutr i ent  Absorption 
The concentrat ions  of N03 and  Zn in  the fo l i age of  the l obl ol l y  
p i ne seed l i ng s  were s i g n i f i cant ly  affected dur i ng the t h i rd growi ng 
season by an i nfect ion w ith  P i so l i thus  but not by fert i l i zat ion 
(Ta bl e 3 ) . Genera l l y ,  the GA 1 00 seed l i ng s  had a h i g her fol i a r  
concentrat ion of N03 and  a l ower concentra t i on o f  Zn tha n the control 
seedl i ngs . Spec i fi ca l ly ,  the nonfert i l i zed GA 1 00 seedl i ng s  had a 
s i gn i f i cantly hi ghe r  concentra t i on of fol i ar  N03 than the non­
fert i l i zed control seedl i ng s , but  both the ferti l i zed  and nonfert i l i zed 
GA 1 00 seed l i ngs  had a s i g n i f i cant ly l ower con centration  of Zn than 
t he ferti l i zed control seed l i ng s .  The concen tra t i on s  of total N ,  P ,  
K ,  Ca , Mg , Fe , A l , Mn , C u ,  S ,  B ,  and  M o  d i d not d i ffer s i g n i fi cantly 
among any of the ectomycorrh i zal -ferti l i zat i on treatment comb i na t i ons 
d ur i ng  the third g row i ng season . D ur i n g  the second growi ng season , 
there were s i g n i fi cant  d i fferences among the trea tment  comb i nati ons i n  
the fol i a r  con centrations  o f  N 03 , Ca , Fe , $ ,  and Mo , but  these 
d i fferences d i d  not a ppear to refl ect a response to ei ther the 
ectomycorrhi zal  or ferti l i zat ion  trea tments .  There were no  s i g n i fi cant  
d i fferences among the treatment comb i nat i ons w ith  res pect to  the  fol i ar 
Tab I e  3 .  Fo l i ar concentrations of e l ements 1n  lob lo l ly p i ne with and without P iso l i thus t_l nctorius and w i th and wi thout ferti 1 1 zatlon on a coa l spo i l  i n  
Tennessee. 
I!!!!n 
Samp le 
Year Treatment N N03 P I< Ca Mg Fe A l  In Mn Cu S 1:1 Mo 
2 GA 100 9 1 50a 325c 1295a 7750a 2250b 1 195a 42b 70a 34a 1 15a 5a 150Sab 6a 0.9a 
Ferti l i zed 
GA 100 6650a 355ab 960a 7 7 50a 3000a 1460a 56a 100a 33a 60a Sa 1990a 6a 0. 5bc 
Nonfert 1 l i zed 
Contro I 8200a 360a 1 I I0a 7 500a 2400ab 1 150a 44b 65a 28a 94a 4a 1430b 4a 0 .4c 
Fert 1 1  lzed 
Contro I 7 100a 340bc 1 2 1 5a 8800a 3000a 1325a 5 1 ab 140a 30a 1 30a 5a 1580ab 9a 0.60 
Nonf ert 1 1  i zed 
3 GA 100 8550a 445ab 1 740a 1 3300a 3000a 1900a 44a 65a 27b 83a 6a 2 1 60a 5a 1 . la 
Ferti l i zed 
GA 100 9250a 460a 1 690a 12950a 3400a 1880a 43a 80a 26b 102a 6a 2845a 6a 0 . 7a 
Nonf ert i I i  zed 
Contro 1 1 1050a 390ab 1 780a 10850a 3850a 2000a 40a 45a 32a 67a 6a 2705a 3a 1 . 0a 
Ferti l i zed 
Contro 1 1 1450a 370b 1 580a 10600a 3550a 1900a 36a 150a 28ab 168a 6a 2570a 7a 1 .0a 
Nonf ert 1 1 1 zed 
Means within  a g1 ven year with a common letter do not di ffer s ignif i cant ly between treatments at PaO.05. 
W 
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concentrations of tota l N ,  P ,  K ,  Mg , Al , Z n ,  Mn , Cu , and B duri ng the 
second g rowi ng sea son . Al l nutri ent ana l yses were done u s i ng on ly  
two rep l i cations of each ectomycorrh i za l -ferti l i zat ion  treatment  
combi na ti o n  due  to the  poor s urv iva l  in  some pl ots and i ns uffi c ient  
sampl es . 
Moi sture Stress 
The moi s ture s tatus of the l obl ol ly  p i ne seed l i n g s  wa s 
s i gn i f i can t ly  affected by an i nfect ion  wi th  P i so l i thus  du r i ng the th i rd 
growi ng season ,  but not by ferti l i zation  (Tab l e 4 ) .  The fert i l i zed and 
nonferti l i zed con trol seed l i ng s  exh i bi ted s ign i fi cantly g reater 
i nternal  moi sture s tres s  (greater negat ive xyl em poten t i a l ) than 
e i ther the ferti l i zed or nonferti l i zed  GA 1 00 seed l i ngs  dur i ng the 
afternoon (p . m. ) test i ng per i od .  During  the dawn (a .m . ) test i ng  
per i od , t he  control  seed l i ngs  general l y  exh i b i ted g reater stress than 
the GA 1 00 seed l i ng s ,  al though  on ly  the ferti l i zed GA 1 00 and t he 
nonferti 1 i zed control seed l i ng s  d i ffered stati st i cal l y .  The re l at i ve 
change i n  xy1€m potent ial d i d  not di ffer s i gn if i cantly among any of 
the ectomycorrhi za1 -ferti l i zat i on treatment  combi nati ons . The 
d i fferences among the treatment combi nati ons in the he i g h t  and  root 
co l l a r d i ameter of the seedl i ngs tes ted for moi s ture stress  were 
general ly  cons i s tent  wi th those of the l ob l ol ly  p i ne study as  a 
whol e ,  and al thoug h the vol ume of these seedl i ng s  d id  not d i ffer 
s tati st i ca l ly ,  the ferti l i zed GA 1 00 seed l i ng s  were substant ia l ly 
l a rger and the no nferti l i zed  con trol seed l i ngs  were substant i al ly  
sma l l er than the  average . The  percent  grou nd cover of the p l o ts 
Tab l e  4 .  Intern a l  moi s ture status o f  l ob l o l ly p i ne w i th and w i thout P i so l i thus t i nctor i us and w i th and w i thout fert i l i z a t i on on 
a coa l s po i l in Te nnessee. 
Root Seed l i ng Percent So i l  So i I 
Hei ght Co I J a r  Vo l ume Ground lokJ i sture Mo i s ture 
Treatment (em) O i a  (1lIIl) (cm3 ) Cover a . m. p . m. 
GA 1 00 52.4a 9 . 2a 64.5a 7 lb 60ab 60a 
Fert i I i zed 
GA JOO 46.8a 8 . 3a 43.4a 72b 6 1 a  6 1 a  
Nonferti l i zed 
Contro 1 48.0a 8 . 5 a  47.0a 94a 58b'" GOa 
Ferti l i zed 
Contro 1 43.0a 6.7a 22.7a 63b 58ab* 59a 
Nonfert i J i zed 
Means w i th a cOIlIIlon lette r  do not di ffer s i gni f i c ant l y  between treatments a t  P=O.05. 
"'Olff erence in grouping due to roun d i ng . 
Xy lem Xy lem Re l a t i ve 
Potent i a  I Poten t i a l  Change-Xy lem 
a . m .  ( -MPa) p . m .  (-MPa ) Potent ia I 
-0.87a - 1 . 59a 0. 88a 
-0.89ab - 1 .  59a 0. 86a 
- 1 . 03ab - 1 .87b 0. 92<1 
- 1 . OSb - J .8Gb 0 . 83a 
'-
..j:o. 
) 
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con ta i n i ng the ferti 1 i zed contro l  seed1 i ngs  YIaS s i gn i fi cant ly  grea ter 
t ha n  tha t of the p l ots of the o ther treatment combi nations  (al though 
not  at  P=O . Ol ) , bu t the mo i s tu re s tatus  of the s po i l  was general l y  
cons i s tent  acros s  a l l treatment combi nat i ons du r i ng both t h e  dawn 
an d afternoon test ing per iods . No measurab l e  p reci p i ta t i on event  
occurred on th i s  s i te for 1 5  days prior  to  the  i n i t i at ion of  the  
l obl ol l y  p i ne mo i sture s tres s  s tu dy . 
F i e l d  Stud i es : V i rg i n i a  P i ne 
N ursery Performance 
The mechan i cal  ana lys i s  of the nu rsery soi l sampl es  co l l ected 
prior  to the i nocu l a t i on of the bed revea l ed t he s o i l type to be l oamy 
sand  wi t h  82 percent sand , 1 0  perce n t  s i l t , and 8 percent c l ay .  The 
soi l c hem i ca l  ana l ys i s reveal ed a pH of 4 . 3 wi th 409 , 1 1 3 , 63 , 1 05 ,  and 
8 p pm of total N, ava i l ab l e  P ,  and exchangeabl e K,  Ca , and Mg , 
res pecti ve l y .  The GA 1 00 seed l i ng s  had 20 percen t of the i r  feeder 
roots i nfected wi th P i sol i thus  t i nctor i u s  and 5 percent i n fected w i th 
other natural l y  occurring  ectomycorrh i za 1  symbi onts , primari l y  
The 1 ephora terrestri s .  The total ectomycorrh i za l  i nfecti on of the GA 
1 00 seed l i ng s  was 25 percen t ,  and 1 00 percent  of the seed l i ng s  exami ned 
were i n fected wi th P i so1 i thus .  The ABB 1 00 seedl i ngs  had 5 percent of 
thei r  feeder roots i nfected w i th P i sol i thus  and 1 2  percent w i th 
The l ephora . The total ectomycorrhi za l  i nfect ion of the ABB 1 00 
seedl i ngs  was 1 7  percent , and 50  percent of the seed l i ng s  exam i ned 
were i nfected wi th Pi sol i thu s .  The ABB 200 seedl i ng s  had 2 2  percent 
of  the i r  feeder roots i nfected wi th P i so l i thus and  5 percent i nfected 
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wi th The l ephora . The tota l ec tomycorrh i za l  i nfec t i on of the ABB 200 
seed l i ngs  was 2 7  percen t ,  and 1 00 percent  of the seed l i ngs exami ned 
were i nfected wi th Pi sol i t hu s .  The control seedl i ng s  had  2 0  percent of 
the i r  feeder roots i nfected w i t h  natu ra l l y  occurri ng ec tomycorrh i zal  
symb ionts , primari ly Thel ephora . None of the con trol seedl i ngs 
exam i ned  were i nfected wi th  Pi so 1 i thus . The GA 1 00 seedl i ngs  had a 
mean  h e i g ht of 20 . 0  em , a mean root col l ar d i ameter of 4 . 0  mm , a mean 
top fres h  wei ght of 1 1 . 0 g ,  and a mean root fresh wei ght  of 7 . 6  g .  The 
ABB 1 00 seed l i ng s  had a mea n  he i g ht of 2 1 . 8 em , a mean roo t  col l a r  
d i ameter o f  4 . 5 mm ,  a mean top fre s h  we ight  o f  1 3 . 1  g ,  a n d  a mean root 
fresh  we i ght of  7 . 9 g .  The ABB 200 seedl i n gs had a mean he i ght  of 
22 .8  em , a mean root col l ar d i ameter of 4 . 5 mm, a mean  top fres h  wei ght 
of 1 3 . 2  g ,  and a mean root fresh  we i ght of 7 . 0  g .  The mean hei ght of 
the contro l  seed l i ngs  wa s 1 8 . 5  em, the mean  root col l ar d i ameter was 
4 . 3 mm ,  and the mea n top and root fresh  wei ghts were 1 1 . 6 g and 1 0 . 3  g ,  
respect i ve ly .  
Spo i l Ana lysi s  
The mechan ical  and chem i ca l  ana lys i s  of the spoi l sampl es 
co l l ected at  outp l anti ng revea l ed that the pl ots des ignated to recei v e  
the V i rg i n ia p i ne seed l i ng s  were fa i rly u n i form wi th respect t o  a l l  of 
the parameters te sted . No s i g n i f icant  d i fference ex i s ted at P=0 . 05 
for percent c l ay ,  pH , tota l N ,  N03 , NH3 , wea k  b ray P ,  strong bray P ,  
K ,  Ca , Al , Zn , Mn , S ,  a nd Mo between the groups o f  p l ots  des i g nated 
for each ectomycorrh i za l -ferti 1 i za t i o n  treatment combi nat i on ,  and none 
ex i sted for percent sand ,  s i l t ,  and organ i c  matter and Mg , Fe , Cu , a nd  
B at P=O. Ol . The means for all plots were 39.7, 34 . 0, and 26. 3 
percent sand, silt, and clay, respectively; 3.8 percent organic 
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matter; pH 5 . 3; and 1265, 19, 16. 10, 44, 119. 900, 268, 230, 92, 14 .7. 
99, 7 . 5, 145, 0 . 4, and 0 . 28 ppm, respectively, of total N, N03 ' NH3, 
weak bray P, strong bray P, K, Ca, Mg, Fe, A1, Zn, Mn, Cu, S. B, and 
Mo. The high level s of Fe, Al , Mn, and S found on these plots are 
typical of those found on coal spoils throughout the southern 
Appalachians . The levels of Zn and Cu were also very high, and given 
the narrow margin between deficient and toxic levels of several of 
these elements , the potential exists for one or more of them to 
produce toxicity s�lptoms in vegetation. The variability in the 
surface strata of this spoil was demonstrated by the disparity in the 
mean pH and Al values between the plots containing the loblolly pine 
field study seedlings, as noted in the previous section, and those of 
the Virginia pine seedlings. The levels of nitrogen and phosphorus in 
these plots were atypically adequate, in comparison with most southern 
Appalachian coal spoils, for moderate productivity of most of the 
commonly used reclamation species. 
Survival and Growth 
The survival of the Virginia pine seedlings was not significantly 
affected by an infection with Piso1ithus during this study, but 
fertilization generally reduced survival irrespective of ectomycorrhizal 
treatment after two years (Table 5) . However, the effect of Pisolithus 
and fertilization on seedling growth was marginal throughout the study. 
After one year, all of the treatment combinations with Pisolithus 
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Tab l e  5 .  Su r v i v a l  and growth of fert i l i zed and nonfer t i l i zed V i rg i n i a  p i n e  
i nocu l ated w i th three formu l at i ons of P l s0 1 1 thus t i nc t or i u s  and 
contro l seed l i ng s on a coa l spo i l i n  Tennessee. 
Root 
Percent He i ght Co l l ar P V I  
Year Treatment Sur v i va I (em) D i a  (m ) (cm3 ) 
I n i t i a l  GA 100 2 3 . 2a 4 . Sab 149. 5ab 
Ferti l i zed 
GA 1 00 2 1 . 2bcd 4 . 3b 1 1 2 . 0c 
Nonf ert i I i led 
ABB l Oa 2 2 . 7ab S . Oa I S 6 . 7a 
Fert i l i ze d  
A B B  l O a  2 1 . 5bc 4 . 9a *  1 4 5 . 0abc 
Nonferti l i zed 
ABS 200 2 3 . 3a 4 . Sab I S 1 . 4ab 
Fer t i  I l zed 
ABS 200 2 3 . 5a 4 . 9ab* I S2 . 8a 
Nonfert i l i zed 
Contro I 1 9 . 7d 4 . 6ab 1 1 6 . 3bc 
Fert i l i zed 
Contro I 2 1 .0cd 4 . 7ao 1 20 . Sabc 
Nonf erti I I zed 
GA 1 00 1 00a 34. 7 a  6 . 6ab 422 . 0a 
Fert i l i zed 
GA l Oa 100a 30. 2cd 6 . 0c 306 . 9b 
Nonferti l i zed 
AilS lao 97a 33 . 4a b  6 . 9a 426 . l a  
Ferti l i zed 
ASS 1 00 100a 32. 6abc 6 . 8a 3 9 6 . 0a 
Nonfert i l i zed 
ABS 200 1 00a 32 . 9ab 6 . 8a 426. Sa 
Ferti l i zed 
ASS 200 1 00a 33. 2ab 6 . 7a 4 1 7  .4a 
Nonf ert i I i  zed 
Contro l 100a 29.0d 6 . 2c 304 . 6b 
Fert i l i zed 
Contro I 97a 3 1 . 0bcd 6 . 4bc 326 . 6b 
Nonfert i l i zed 
GA l Oa nbc 72 . 5a 1 1 . 5ab 3 1 1 7 . 0 a  
Fert i l i zed 
GA 1 00 9 1 ab 5 6 . 8b 9 . 5b 1 63 9 . 8a 
No nfer t i  l i zed 
ABS l Oa 73c 7S . 0 a  1 2 . 7a 3833.4a 
Fert i l i zed 
ABS l Oa 93aD 6 9 . Sab 1 1 . 9ab** 327 1 . 6a 
Nonfert i I I zed 
ABS 200 !:lac 7 0 . 3ab 1 1 . 9a** 379 S . 5 a  
Ferti  l i zed 
ABB 200 99a 6 1 . 6ab 1 O . 6ab 2S02 . 0d 
Nonfer t i  I l zed 
Contra I 88bc 6 6 . 3ab l O .jlao 2687 . 9a 
Fert i l i zed 
Contro l !lSaD 6 S . 7ao 10. Sab 3038 . 6a 
Nonf ert I I i  zed 
Means w i th i n  a g i ven year wi th a common l e tter do not d i ffer 
s i gn i f i cant ly between treatments a t  P=O . O S .  
* and * *  O i f ference i n  group i ng due to roun d i n g _  
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e ctomycorrhi zae excep t the n on fert i l i zed GA 1 00 seedl i ngs  were 
genera l l y l arger i n  hei g ht a nd root col l ar d iameter than e i ther the 
ferti l i zed or nonferti l i zed con trol seedl i ngs , and a l l of the trea tment 
combi nat ion s  wi th P i so l i thu s except the nonferti l i zed GA 1 00 seed l i ng s  
had a s i g n i fi cantly  h i gher pl ot vol ume i ndex ( PV I } than the contro l  
seed l i ngs of e i ther fert i l i zat i on treatment (Tab l e  5 ) .  After two 
years , however ,  the effect of P i so l i thu s was negl i g i b l e ,  and a l though 
the re l at i ve growth  i n  hei g ht of the fert i l i zed s eed l i ng s  was s l i g ht ly  
better t han  that  of  the non fert i l i zed  seed l i ng s  (Tab l e 6 ) , th i s  was 
not  refl ected i n  a s i g n ifi ca n t  improvement i n  the rel at ive  growth i n  
p l ot vol ume i n dex ( RPVI ) due to the reduced surviva l  assoc i a ted wi th 
fert i l i zat ion . 
Nutri e n t  Absorpt i o n  
The concentration  o f  tota l N i n  the fol i age of the V i rg i n i a  p i n e  
seedl i ng s  was not s i g n i f i cantl y affectgd by an i nfect ion  wi th  
P i so l i thus during the second  g rowi ng  season but  was s i gn i f ica n tl y  
affec ted by fert i l i zat ion  ( Ta b l e  7 ) . Fert i l i zed seedl i ngs , i rrespecti ve 
of ectomycorrhi za l treatment , had a h i g her  fo l i a r  concentrat ion  of 
total N tha n nonferti l i zed s eed l i ng s .  There were a l so s ta ti s t i cal l y  
s i gn i fi cant d i fferences among  the treatmen t  combi nat i ons  i n  the fol i a r  
concentrat ions o f  P ,  Mg , Zn , Mn , S ,  B ,  a nd Mo , b u t  these d i ffe rences 
d i d  not appear to refl ect a res ponse  to e i ther the ectomycorrh i za l  or 
fert i l i zat ion  treatments . The fo l ia r  concentrations  of  N03 ,  K,  Ca , 
Fe , Al , a nd Cu d i d  not vary s i gn i ficantl y . The ana l ys i s  of fol i ar S 
was done us i n g  on ly  two of the rep l i cati ons of  each ectomycorrh i za l ­
ferti l i zation  treatment  comb i na t i on due to i nsuffi c i ent sampl es . 
Tab l e  6 .  Su rv i v a l and re l at i ve g rowth of f e rt i l i ze d  a n d  
n o nf e rt i l i zed V i rg i n i a  p i n e i nocu l ated w i th t h re e  
form� l at i on s  o f  P i s o 1 i th u s  t i nc t or i u s  a n d  c o n tro l 
s eed l i ngs  on a coa l s po i l i n  Ten n e s s e e . 
Root 
P e rcent Co l l a r  
Year Tre atme n t  Su r v i  v a  1 He i ght U i a 
GA 1 00 l OOa O . S l ab 0 . 3 7a 
Fert i l i zed 
GA 1 00 1 00a 0 . 44ab 0 . 40a 
No nfert i 1 i zed 
ABS 1 00 9 7 a  0 . 49ab 0 . 40a 
Fert i l i ze d  
A�B 1 0 0  100a 0 . !l4a 0 . 40 a  
No nf e r t  i 1 i z e d  
A B B  200 l OOa 0 . 42 b  0 . 4 3 a  
Fe rt i l i zed 
AB B 200 1 00a 0 . 42b 0 . 3 9 a  
Nonfert i l i ze d  
Contra 1 l OOa O . 48ab 0 . 34 a  
Fe rt i l i ze d  
Contra 1 97a 0 . 49ab 0 . 38a 
Non f  ert i 1 i zed 
2 GA 1 00 7 7bc 2 . 3 1 ab 1 . 50a 
Fert i l i zed 
GA 1 0 0  9 1 ab 1 . 8 1 bc 1 . 39a 
Nonfert i 1 i zed 
ABB 1 0 0  73c 2 . 50a 1 . 6 7a 
Fert i l i ze d  
ABB 1 00 93ab 2 . 40 a  1 . 6 3 a  
Nonfert i l i ze d  , 
ABB 200 80c 2 . l 6 abc 1 . 63 a  
Fe rt i l i zed 
ABS 2 00 99a 1 . 7 1 c  1 . 2 7 a  
No nfert i 1 i zed 
R P V I  
1 . 7 9a 
1 . 7 7a 
1 . 8 2a 
2 . 0 2 a  
1 . 9 5a 
1 . 8 1 a  
1 . 6 7a 
1 . 69a 
2 7 . 4Sa 
2 0 . 3 7a 
3 2 . 85 a  
3 2 . 7 S a  
3 4 . 44a 
l 8 . 0 2 a  
Co n t ro 1 88bc 2 . 3 3ab 1 . 36a 2 3 . 88a 
Fe rt i l i zed 
Contro l 9Sab 2 .  1 7  abc 1 . 29 a  2 3 . l 9a 
No nfert i l i ze d  
Mean s w i th i n a g i ven y e a r  w i th a common l etter dO n o t  d i ffer 
s i gn i f i c a n t ly betwe e n  t reatment s a t  P=0 . 0 5 .  
4 7  
Tab le 7 .  Fo l i ar concent rat i ons of e l ements i n  fert i l i zed and nonfert i l i zea V i rg i n i a  p i ne i nocu l ated w i th three formu l at i ons o f  P i so l i thus 
t i nctorius and control seed l i ngs on a coa l spo i l i n  Tennessee. 
El!m 
Treatment N N03 P K Ca Mg Fe A l Zn MIl Cu 5* B Mo 
GA 100 19800a 367a 14 13ab 8067a 3667a 1 6 70C 41:la 207a 3 I ab** 2 6 1 ab Sa 2930a 10ab 0 . 4b 
Ferti l i zed 
GA 100 13600b 360a 1 4 10ab 11367a 3907a 1867a 40a 2 77 a  3 I a** 340a 4a 2665ab 1 2 a  0.8a 
Nonferti l i zed 
ABll 100 19433a 363a 1 570a 8067a 3767a 1 7 1 3bc 50a 187a 28ab 298ab 6a 2545ab 9ab 0 . 6a b  
Ferti l i zed 
AlIll 100 14333b 347a 1433ab 7933a 3433a 1 787abc 45a 250a 30ab 243ab 5a 2755ab 10ab O . 7ab 
Nonfert i l i zed 
ASB 200 19433a 353a 1407ab 8300a 3567a 1 847ab 44a 2 50a 25b 293ab 6a 2645ab 9ab 0 . 6a b  
Fert i l ized 
ARB 200 12633b 363a 1420ab 8400a 3B63a I B03aDc 53a 290a 32a 354a 5a 2425b 8ab 0.9a 
Nonferti l i zed 
Contro l 1 7867a 380a 1 337b 8867a 3667a 1 7 97abc 5 1 a  193a 28ab 249ab lOa 2645ab 7b 0. 6ab 
Ferti J i zed 
Contro I 13767b 377a 1 5 7 7a 8700a 3700a 1870a 54a 207a 30ab 1 79b Sa 2825ab 9ab 0 . 7a b  
Nonferti l i zed 
Means w i th a c�non letter do not d i ffer s i yn i f i cant ly between treatmen ts dt P-0.05. 
-Means of two rep l i c a t i ons of each ectomycorr h i za I -ferti I i zat i on treatment comb i nation . 
*-O i f ference i n  group i ng due to round i ng .  
.p. 
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Moisture Stress 
The moisture status of the Virginia pine seedlings was signifi­
cantly affected by an infection with Pisolithus during the second 
growing season, but not by fertilization (Table 8). The fertilized 
and nonfertilized control seedlings exhibited significantly greater 
internal moisture stress (greater negative xylem potential) than all 
of the treatment combinations with Pisolithus ectomycorrhizae except 
the fertilized ABB 100 seedlings during the afternoon (p.m . )  testing 
period. During the dawn (a . m . ) testing period, the fertilized and 
nonfertilized control seedlings exh i bited significantly greater stress 
than all of the treatment combinations with Pisolithus except the 
fertili zed ABB 100 and ABB 200 seedlings .  The relative change in  
xylem potent ial of  the fertilized and nonfertilized ABB 200 seedlings 
was appreciably smaller than that of  the other treatment combinations . 
Generally, the fertilized seedlings tested for moisture stress were 
somewhat larger than the nonfertilized seedlings, but the effect of 
Pisolithus on the size of the tested seedlings was negligible. There 
was some variation among the treatment combinations in the percent 
ground cover of the plots, but the moisture status of the spoil was 
generally consistent across all treatment combinations during both the 
dawn and afternoon testing periods. No measurable precipitation event 
occurred on this site for 18 days prior to the i nitiation of the 
Virginia pine moisture stress study. 
Tab l e  8. Intern a l  mo i sture status of fert i l i zed and nonfert i l i zed V i rg i n i a  p i ne i noc u l ated w i th three formu lations of 
P i so l i thus t i nctorius and contro l seed l i ngs on a coa l spoi l I n  Tenne ssee . 
Root Seed l i ng Percent So l I So i l  Xy lem Xy l em Ke lative 
Hei g ht Co l l ar Vo lume Ground Moi sture Moi sture Poten t i a  I Poten t i a l  Change-Xy lem 
Treatment (em) Dia (m) (em3 ) Cover a.m. p . m. a .m. ( -MPa) p . m. (-MPa) Potent i a l  
GA 100 50.0" 8. 8alle 4 1 . 3ab 67a 63ab* 63ab** - 1 . 5 5ab - 2 .07ab a.37ab 
fert l l i z ed 
GA 100 45.4a 8. 21lc 3 1 . 5bc 47ab 60b 6 I e *** - 1 . 58ab -2 . l I ab a. 38ab 
Nonfert 1 1 1 zed 
ABS 100 46.9a 9 . 0ab 38.9abc 62a 63a* 65a - 1 . 66bc -2 . 2 I be a.37ab 
fert i l i zed 
AS!! 100 48.2a 8.9abe 3S. Salle b7a 64a 65a - 1 . 57ab -2 . 1 4ab 0. 45a 
Nonf ert I I i zed 
AilS 200 50. 3a 9 . 3a 44.4a 52ab 601l G l be*** - 1 . 66be -2. 10ab 0. 3 1 b 
fert i Hzed 
AtlS 200 46.5a 8 . 3be 3 2 . 4be 34b 60b 6 I be*·* - 1 . 5 I a - 1 . 9 5a 0 . 3 1 b  
Nonfert l l i zed 
Contro I 46 . 3a 8 . Babe 3 7 . 0abe 4Bab 6 1 ab b l be·** - 1 . 7Se - 2 . 4 I e  0 . 4 1ab 
ferti l i zed 
Contro 1 46.5a B . l e 30.Bc (lSa 6 1 ab 63abe·* - 1 . 78c -2. 39c 0.40ab 
Nonferti Hzed 
Means w i th a common letter do not d i f fer s i gn i f i cant ly between treatments at p'O.OS. 
* .  **, and *** Di fferences in group i ng due to round i ng. 
()'1 
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CHAPTER V 
RESULTS 
Green house Stud i es : Sweet Bi rch 
Qua rtz Sand and M i ne Spo i l  Analyses 
The pH of the quartz sand used in t he sand cu l ture experiment s 
of  sweet b i rch  and  European a l der was 5 . 5 pr ior  to the a c i d  wash 
treatment ,  and i t  returned to th i s  va l u e  after ri n s i ng with  d i st i l l ed 
water .  The mechan i ca l  and chem i ca l  analysi s of  the  m i ne s po i l  samples  
col l e cted prior  to transpl anti ng revea l ed that  the  coal s po i l  materi a l  
used as  a potti ng medi um in  the sweet b i rch  and Eu ro pean a l der g reen­
house stud i es was fa i rl y  u n iform wi th respect to mos t  of the parameters 
teste d .  The mea n ,  mi n imum, a n d  maximum val ues  for a l l samp les  were 
43 . 3 (35 . 2  to 52 . 4 ) percent sand,  3 0 . 4  (2 1 . 6  to 38. 4 )  percent s i l t , and 
26 . 3  ( 20 . 0  to 28. 4 )  percent cl ay ;  2 . 4  ( 1 . 9  to 2 . 6 )  percent organ i c  
matter ;  pH  5 . 6 ( 5 . 0 t o  5 . 9 ) ;  and  848 ( 790 t o  91 0 )  ppm o f  total N ,  35 
(26 to 42 ) ppm of N 03 , 1 7  ( 1 4  to 28 ) ppm of NH3 , 8 (7 to 8 )  ppm of 
wea k bray P, 75 (45 to 83 ) ppm of strong b ray P ,  1 03 ( 9 9  to 1 07 )  ppm of 
K, 1 790 ( 1 600 to 1 900 ) ppm of Ca , 300 ( 29 0  to 320 ) ppm of Mg , 520 
(473 to 683 ) ppm of Fe , 13 (2 to  21 ) ppm of A1 , 8 . 8  (8 . 0  to 1 1 . 2 )  ppm 
of Zn , 1 58 ( 1 50 to 1 73 )  ppm of Mn ,  5 . 7  ( 5 . 5  to 6 . 3 ) ppm of Cu , 478 
(464 to 485 ) ppm of S ,  0 . 5 ( 0 . 5  to 0 . 6 )  ppm of B ,  and 0 . 53 ( 0 . 38 to 
0 . 7 1 ) ppm of Mo . Thi s coal spoi l materi a l  was typ i ca l  of that fou nd 
i n  the sou thern Appa l achians  w i th l ow l evel s of read i l y a va i l ab l e P and 
h i g h  l evel s of Fe , Mn , and S ,  a l thoug h the l atter are more common l y  
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a ssoc i a ted with a spoi l mate r i a l  hav i ng a l ower pH va l ue than that of 
these  sampl es . The l eve l s of Zn , C u ,  and  Mo were a l so h i g h ,  and the 
potent i a l  exi sts for one or  more of  these meta l l i c el ements to produce 
tox i c i ty symp toms i n  vegetat ion . Thi s s po i l  mater i a l  was a typ i ca l  of 
that found  i n  the sou thern Appa lach ians  i n  that n i trog en was 
suff i c i ent for moderate product i v i ty of mo st of the common l y  used  
recl ama t i on spec i es and there were hi gh l evel s of Ca  and Mg . 
I n i t i a l  Ectomycorrh i za l  Eva l uat ion  
The concentrat ion  of n utr i ents  appl i ed to the  ESD  200 sweet 
b i rch seedl i ngs s i g n i fi cant ly  affected the l evel of i nfect ion of the 
feeder roots by P i so l i thus  t i nctori u s  after f i ve mon ths ' growth i n  the 
quartz sand pott i ng medi um (Tabl e 9 ) .  Genera l l y ,  the seedl i ngs grown 
under l ower fert i l i ty reg imes had a h i g her l evel of i n fect ion  w i th 
th i s  symbi ont , a l thou gh the percent i n fect i on by P i sol i thus of the 
seedl i ngs grown i n  the l owest  ( 1 /8 Hoag l and ) concentrat ion  of Hoagl and ' s  
sol ut i on was somewhat l ower than that of the seedl i ngs grown i n  
the i ntermedi ate ( 1 /4 Hoag l and ) concentrati on .  However , both of these 
treatment combi nat ions  had a s i gn i fi cant ly  h i g her  l evel  of i nfection  
wi th P i sol i thu s than the  ESD  200  seed l i ng s  g rown i n  the h i g h  ( 1 /2  
Hoag l and ) nutri ent concentrat ion . The concentrat i on of Hoag l and ' s  
sol u t i on appl i ed to these seedl i ng s  a l so s i g n i f i cant ly  affected the 
l evel  of i n fect ion  by other natura l l y occurr i ng ectomycorrh i za l  
symbi onts . Other than P i so l i thus , the o n l y  ectomycorrh i zal  fungus  
fou nd i nfecti ng  the  root s of the  ESD 200 sweet bi rch seed l i ngs  after 
fi ve months i n  the sand c u l ture wa s The l ephora te rres tri s ,  and only 
Tab l e  9 .  Growth and ect�nycorrhi za l deve lop'nent o f  sweet b i rch i nocu l ated w i th P i so l l thus t l nctor i u s  and contro l 
seed l i ngs after f i ve months i n  sand cu iture w i th three concentrations  of Hoagland's solution 12 w i th 
m icronutri ents and i ro n .  
Seed l i ng Ort Wei!jht (g) Percent Infection* 
Vo l ume Top/Root 
Treatment (cm) O i a  (mm) (cm3 ) Top Roots Tota l Rati o  f.. t i nctor i us Other 
ESO 200 37 .0a 5 . 0a 9 . 3a 3 .0a 1 . 6a 4.6a 2.0a 3b 20.1 
1 / 2  Hod9 l and 
ESO 200 26.0b 3.4c  3 . 1 b  0 .8b O . 4 b  1 . 3b 1 . 9a** 33a l b  
1 /4 Hoagland 
ESO 200 1 7 . 9c 2 . 711 1 . 7b 0 . 7b 0.4b  1 . 0b 2 . 0a 24a Ob 
1 /8 Hoagland 
Contro 1 38.4a 4 . 3b 7 .5a 2 . 3a 1 . 6a 3 . 9a 1 . 5bc 0 l la 
1 /2 Hoag 1 ana 
Contro l 2 2 . 1 1>c 3 . 2c d  2 . 5b 0 . 8b 0 . 6b 1 .4b 1 . 4c 0 7b 
1/4 Hoag l and 
Contro l 1 7 .2c 2 . ld 1 . 3b 0 . 6b 0 .3b 0 . 8b 1 . 9ab** 0 3c 
1 /8 Hoagland 
Tota l 
23b 
3441 
24ab 
l la 
7b 
3c 
Means w i th a common l etter dO not d if fer s i gn i f i cant ly between treatments at P=O . OS; a l l  means except percent 
i nfec t i on were rounded to one decillla l p l ac e .  
*Groupi ng dpp 1 ies  on ly t o  means w i t h i n  ect�lIycorrhi z a l  treatlllent s .  
**Oi fference i n  grouping d u e  to roundi ng .  
0"1 
W 
54 
the seedl i ngs grown i n  the h i gh  nutrient  concentration  had a s i gn i f i ­
cant  i nfection  with th i s symb i on t .  The l ephora was a l so the on ly  
ectomycorrh i za l  symb iont  found  i n fecti ng the feeder roots of  the 
control seedl i ngs . The perce n t  i nfec t i on by Thel ephora of the 
control seedl i ng s  g rown i n  the h i g h  nutr ient  concentrat ion was h i gher 
t han that of the seedl i ngs  g rown in the i ntermed i a te n u trient concen­
trati o n ,  wh ich  was hi gher  than that of the seedl i ngs  grown in  the l ow 
nutrient concentra t i on . The s i ze and  weight of the seed l i ngs  
eva l uated for ectomycorrh i zal devel opment  general l y  refl ec ted the 
ferti l i ty of the sand cu l ture , as determi ned  by the nutri ent  treat­
ments , a nd a l t hough the ESO 200 seedl i ngs  we re often l arger than the 
contro l  seedl i ngs wi thi n each nutr ient  treatment , the di fferences 
were usua l l y  s ubtl e and s tat i s t i ca l l y  non s i gn i ficant.  However,  the 
d i ffe rences in  top and roo t  we ights between the ESD 200 and control 
seed l i ngs became more apparent when the top/root ratios  were 
cal cu l a ted , and the top/root rati o  of the control seedl i n gs was 
general l y  super ior  to that of the ESO 200 seed l i ng s . Th i s  d i spar i ty 
ca n probabl y be exp l a i ned by an i nadverte n t  l oss of portions  of some 
root systems duri ng  1 ifti ng . 
Seedl i ng Growth 
The hei ght ,  root col l ar d i ameter ,  and  vo l ume of the sweet b i rch 
seed l i ngs were s i gn i fi cantl y affected after fi ve months  by an i nfection  
with  Pi sol i thus a nd by the ferti l i ty of the quartz sand pott i ng med i um 
(Tabl e 1 0 ) .  I n i t i a l l y ,  seed l i ng s i ze refl ected the fert i l i ty of  the 
sand cu l ture , as determi ned by t he nutri e n t  trea tments , bu t often the 
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Tab l e  1 0 .  Growth o f  s weet b i rc h  w i th and w i th o u t  P i so l i th u s  t i nctori u s  
g rown i n  m i n e  s po i l w i th th ree c o n c e n trat i on s  of Ho ag l an d ' s  
s o l u t i on #2 w i th mi c ro n u t r i en t s  a n d  i ro n . 
Root Seed l i ng 
T i me o f  He i g ht Co l l ar Vo l ume 
Me as uremen t  Treatment ( c m )  Di a (mm ) (cm3 ) 
I n i t i a l  ESD 200 34 . 2a 3 . 4 a 4 . 2a 
1 /2 Hoa g  1 and 
ESD 200 2 5 . 4b 3 .  1 0  2 . 5b 
1 /4 Hoag l an d  
E S D  200 l 3 . 5d 2 . 2d 0 . 7c 
1 /8 Hoag l an d  
Con t ro 1 3 1 . 9 a 2 . 8c 2 . 5 b 
1 /2 Hoa g l an d  
Contro l 1 7 . 8c l o 8e 0 . 6c 
1 /4 Hoag l an d  
Contro l 1 1 . 8d l o 5f 0 . 3c 
1 /8 Hoa g l an d  
1 8  i�o nth s ES D 200 7 2 . 7a 5 . 6ab 24 . 1 a 
1 / 2 Ho ag l an d  
E S O  200 6 5 . 40 S . 7 a 23 . 0a 
1 /4 Hoag l an d  
E S O  200 39 . 5d 4 . 6c · 9 . 7 b  
1 /8 Ho a g l an d  
Contro " 7 3 . 4a 5 . 30 2 1 . 6a 
1 /2 Hoag l an d  
Contro l 4 7 . 8c 4 . 2d 8 . 8b 
1 /4 Hoa g l an d  
Contro l 29 . ge 3 . 6e 4 . 2c 
1 /8 Hoag l an d  
Me ans w i th i n  a g i ven t i me o f  meas ureme n t  w i th a commo n  l e t ter d o  
n o t  d i ffer s i gn i f i c an t ly between t reatme n t s  a t  P=0 . 0 5 .  
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seed lings with  Pisolithus were as  l a rg e ,  and sometimes l a rger ,  tha n 
the control  seed l ings grown at  a hig her fe rti lity l evel . At trans­
p l a nting , the heights of the ESD 200 and the control seedl ing s g rown 
in both the hig h and l ow nu trient concentrations were simi l a r ,  but 
the ESD 200 seed lings grown in the intermediate nutrient concentration 
were sig ni ficant ly  l arger  than the control seedl ing s grown at  this 
fertil ity l evel . The initial di sparity i n  seed l i ng size within  
nutrient treatments wa s more p ronou nced wit h  respect to root col l a r  
diame ter .  The ESD 200 seedl ings grown in  the high  and intermediate 
n utrient  concentrations had a sig ni fi cant ly  l a rger  root co l l a r 
diamete r than al l of the other treatment combination s , and the ESD 
200 seed lings  grown in the l ow nutrient concentration had a l arger 
root col l ar diamete r than the con trol seedl ing s g rown in either the 
inte rme diate or l ow nutri ent  concentrations . Simil ar resu l ts were 
found  with respect to the initial  determi nation of seedl i ng vo l ume . 
The ESD 200 seed ling s g rown under the hig h  ferti lity regime were 
significan tly l a rger than the seedlings of a l l of the other treatment 
combina tio ns , the ESD 200 seed ling s g rown under the intermediate 
ferti lity regime were simil ar in vol ume to the control see dl ing s  
g rown under the hig h fert n ity regime , and the vol ume o f  the ESD 200 
seed l ings  g rown under the l ow fe rti l ity regime was simi l a r  to tha t 
of  the con trol seed lings grown at the in termedia te and l ow fertil i ty 
l evel s .  
The heigh t ,  root col l ar diameter ,  and vo l ume of these 
seedlings were al so significa n tl y  affected by an infection with  
Pisolithus  and by ferti l ity afte r 18  months in the mine  spoi l  potting 
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medium (Ta b l e  1 0 ) .  At the end of t he study ,  seedl ing s ize s til l 
refl ected the fertil ity of the ' pottin g medium,  a s  determined  here by 
t he n utrient treatments a pp l ied to t he min e  spoil . but  the d isparity 
in s ize  within each  n utrient  treatmen t  between the seed l ings with 
Pisol ithus  and  the  con trol seedl ing s  was even  more pro nounced. The 
l on e  exception was the seedl ings grown u n der  the h ig h  fertil ity 
reg ime , whe re the ES O 200 and  contro l  seedl ing s were s imil ar in s ize  
wit h  respect to  a l l three of the g rowth parameters .  However , the 
heig hts of the ESO 2 00 s eed l ings grown in t he intermediate and l ow 
nutrient  concentrations  were s ig n ificant ly  greater than that of  the 
contro l seedl ing s  grown at the intermediate a nd l ow fertil ity l evel s ,  
res pectivel y .  Al so , the root col l ar diameter o f  the ESO 200 seedl ings 
grown in the intermediate nutrient  concentra tion was s imil a r  to that 
of the ESO 200 seed l ing s g rown in t he high  n utrient  concentration  and  
s ig n ifica ntly l arger tha n  that of a l l of  the other treatment 
combinations . and  the root col l a r  diameter of the ESO 200 seed l ing s 
g rown in the l ow nutrient concent ratio n  was s ig n ificantly  l arger than 
tha t of the control seedl ing s  grown at  the intermediate and  l ow 
fertil ity l evel s .  When the measurements o f  height a nd root co l l ar  
diameter were ca l cu l ated to  seedl ing vol ume , the  effect of Piso l ithus 
on overa l l seedl ing g rowth  u nder the intermediate and  l ow fertil ity 
regimes was made very apparent. The vo l ume of the ESO 200 seedl ings  
grown u nder the intermediate fertil ity regime was 1 61 percent greater 
t han that of the control seedl i ng s g rown at this fert"i l  ity l evel , a nd 
the vol ume of the ESO 200 seedl  i ng s g rown u nder the l ow fertil ity 
reg ime was 1 3 1 percent greater tha n that of the control  seed l i ngs  
grown at the  l ow ferti l i ty l evel . 
Nutri ent  Absorpti on 
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The re were s i gn i f icant d i fferences among the ec tomycorrh i za l ­
nutrient  treatment com b i nati ons  i n  the concentrations  of tota l N ,  
N03 ' P ,  K ,  Ca , Mg , Fe , A1 , Zn , Mn . C u ,  B .  and Mo i n  the fo l i age  o f  
the sweet bi rch seedl i ngs  (Tab l e 1 1 ) .  The di ffe rences i n  the fo l i ar 
concentrations  of tota l N,  Mg , and A l  ref l ected overal l  d i fferences 
w ith i n nutrient  treatments and between ectomycorrh i za l  treatments i n  
the absorption  o f  these  e l ements from the m i ne spoi l pott i ng med i um .  
The seed l i ng s  w ith P i sol i thus general l y  had a h i g her fol i ar concen­
tra t i on of tota l  N and l ower concentrations  of Mg and Al than the 
contro l seedl i ngs . The concentration  of total N in the fol iag e of 
the ESO 200 seedl i ngs g rown under a l l three of the fert i l i ty reg imes 
was s im i l a r ,  bu t w ith i n ea ch nutrient trea tment , the ESO 200 seed l i ngs 
had a s i g n i ficant l y  h i g he r  fo l i a r  concentration of total N than the 
contro l  seedl i ng s ,  and the ESO 200 seedl i ngs  grown under the l ow 
fert i l i ty reg ime had a h i g her  concentrat ion  of total N than the 
contro l  seedl i ng s  grown at the i ntermed i ate ferti l i ty l evel . In  
contra s t ,  the fol iar  concentration  of Mg was s imi l ar for the control 
seedl i ngs of al l three of the nutr i  ent trea tments and the ESO 200 seedl ; ngs 
g rown under  the h i g h  ferti l i ty reg ime , but the contro l seedl i ng s  grown 
under the i ntermed iate ferti l i ty reg ime had a s i gn i fi cantly h i gher  
c oncentration  of  Mg  than  the  ESO  200 seedl i ngs  grown a t  th i s  ferti l i ty 
l eve l , and the contro l seed l i ng s  grown u nder the l ow ferti l i ty reg ime 
Tab Ie 1 1 . Fo l i a r  concent rations of e lemen ts i n  sweet b i rch w i th ana wi thout Piso l i thus t i nctori us grown In mi ne spoi l with three concentrations o f  
Hoa g l an d ' s  s o l u t ion '2 w i t h  m i c ronu t rients a n d  i ron . 
� 
Treatment N* NOl** P K Ca Mg Fe Al  i n  Mn Cu S*** II 
E�D 200 14633a 582a 2900a 1 247 1 a  2 1 000ab 6300ab 1 30abc 75c 2 1 0a 3206ab 5abt 5633a 6 1 b  
1 / 2  Hoagland 
ESO 200 12967ab 226c 2 1 7 1 ed 1 1043ab 19000b 5 1 29c 1 1 3bc 77c 1 79b 2724b 40ctt 4 1 00a 63b 
1 /4 Hoagland 
200 1 2 783ao 1 98c 2343bc 1 1643db , 1000ab SS7 1 bc 168ab l l lbc 1 9 3ab 4964a Sat 4 167a 6 1b 
Hoagland 
Contro l l l lOObc 208c 250Dabc 1 0 1 57db 24 1 43a 658601 77c 73c 2 1 3a 2833b 4abctt 8233a 74ab 
1 / 2 Hoag land 
Contro I 8800c 308bc 2786ab 997 1b 228!>7ao 647 1 a  1 40abc 160ab 206ab 3063ab 4 abctt 5467a 76ab 
1/4 Hoagland 
Contro l 8300c 362b 1686d 9 5 7 1 b  2 1 700ab 6614a 205a 194a 209a 2749b 4ett nooa 83a 
1 /8 Hoa9 1and 
Means w i th a common letter do not di ffer s i gni f i cant ly between treatments at P=O.O!>. 
* ,  ** , and *** Means of s i x ,  f i ve, .and three rep l ic a t i o n s ,  respec t i ve l y ,  of eaeh ectOlllycorrhi z a l -nutrien t  treatmen t combi nation . 
tand t'I' Di fferences In grouping aue to rouna ing.  
Mo 
1 . 9b 
Ub 
1 .8b 
1 . 7b 
2 . 5ab 
3 . 0a 
U"I 
\.0 
6 0  
had a higher concentration of Mg than the ESO 2 0 0  seedlings grown at 
either the internlediate or low fertility levels . Also, the foliar 
concentration of Al did not differ significantly within the high 
nutrient treatment, but the control seedlings grown under the inter­
mediate fertility regime had a higher concentration of Al than the 
ESO 200 seedlings grown at either the high or internlediate fert ility 
levels, and the control seedlings grown under the low fertility 
regime had a higher concentration of Al than the ESO 200 seedlings of 
any nutrient treatment . The differences among the treatment combina­
tions in the foliar concentrations of N03, P, K,  Ca, Fe, Zn, Mn, Cu, 
B, and Mo were random and d i d  not appear to reflect a response to 
either the ectomycorrhizal or nutrient treatments . The foliar 
concentration of S did not differ significantly among any of the 
treatment combinations . The analyses of total N, N03, and S were 
done using only six, five, and three replications of each 
ectomycorrhizal-nutrient treatment combination, respectively, due to 
insufficient samples. 
Moisture Stress 
The internal moisture status of the sweet birch seedlings 
was not significantly affected by an infection with Pisolithus but 
was significantly affected by the fertility of the mine spoil potting 
medium (Table 12 ). Generally, larger seedlings exhibited greater 
moisture stress {greater negative xylem potential} and seedling size 
reflected the fertility of the mine spoil, as determined by the 
nutrient treatments . Also, with the exception of the seedlings grown 
Tab l e  1 2 .  Interna l moi s ture status o f  sweet b i rch w i th and w i thou t P i so l i thus t i nctor i us grown i n  m i ne spoi l w i th 
three concent ra t i ons of Hoag l and ' s  so l u t i o n  #2 w i th mi cronutrients and i ron . 
Root Seed l i ng So i l  So i 1 Xy lem Xy l em Ke l a t i ve 
Height Co l l a r  Vo l ume Moi sture Mo i sture Poten ti a 1 Potent i a l  Change-Xyl em 
Treatment (CIII) Oi a (lnIII) (CIIIJ) a . m .  p .m .  a .m .  (-MP a )  p .m .  ( -KPa) , Potent i a 1 
ESO 200 7 2 . 0a 5 . 9a 26.4a 62a 62a - 1 . 22c - 1 . 45c 0 . 2 1 a  
1 / 2  Hoag l and 
ESO 200 6 1 .4b 5 .6 a  20.2b 59a 59a -0 . 60ab -0 . 8 I ab 0. 35a 
1/4 Hoag l an d  
ESO 200 36.8d 4 . 9b 1 0 . 2c 65a 65a -0 . 57a -o. 76a 0.34 a  
1/8 Hoa g l and 
Contro l 74 . 1 a 5 .6 a  23.4ab 55a 55a -o.a5b - 1 . OBb 0.32a 
1 /2 Hoag l and 
Contro I 52.7c 4 . 9b 1 2 . 9c 37a J7a -O . 7 7ab - 1 . 06ab 0.44a 
1/4 Hoag l and 
Contro I 2B.7d 4 . 0c 4 . 6d 36a 36a -0.68ab -0.S3ab 0. 26a 
1 /8 Hoag l an d  
Means w i th a conmen l etter d o  n o t  d i ffer s i gn i f i cant Iy between treatments at P=0.05. 
0"1 
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u n de r  the h i g h  ferti l i ty reg ime , the contro l seed l i ng s  cons i  stently 
exh i b i ted g reater moi s tu re s tress  than the seed l i ng s  wi th  P i so l i thu s 
du r i ng both  the dawn (a . m . ) and afte rnoon (p . m . ) tes t i ng pe riod s ,  but 
the d i fferences were s ubt l e and s tati st i ca l l y  non s i gn i f i cant .  Wi thi n 
the h i g h  nutri ent treatment , however ,  t he ESD 200 seedl i ng s  exh i b i ted 
s i gn i f i cantly greater stress  than the  contro l  seed l i ng s  d u r i ng both 
tes t i ng pe riods . The re l at i ve change i n  xyl em poten t ia l  d i d  not d iffer 
s i g n i ficantly among any of the ectomycorrhi zal -nutri ent treatment  
com bi nations . Genera l l y ,  the ESD  200 seed l ings  te sted for mo i sture 
stress  were s i gn i fi cant ly  l arger than the control seedl i ng s  w ith i n  a l l 
except the h i g h  nutrient treatmen t ,  as was the case previ ous ly  noted 
for the sweet b i rc h  study as a who l e .  Al s o ,  there were subs tan t ia l , 
tho ugh s ta t i s t i cal l y  nons i g n i f i cant , d i fferences betwee n the treatmen t 
combi nat i on s  i n  the mo i s ture s ta tus of the mi ne spo i l  potting  med i um ,  
and  the mo i stu re defi c i t  of  the spo i l conta i n i n g  the ESD  200 seed l i ngs 
wa s con s i  stently g reater (h i g her readi ng ) than that  of the spoi l 
conta i n i ng the control see d l ing s .  Th i s  d i spari ty was l arge ly  
attr i butabl e to the greater s i ze of the  ESD  200 seed l i ng s  and  the 
subsequent  e l eva ted transp i rat iona l  l os ses  from the l imi ted spo i l 
mo i sture reserve . 
F i na l  Ectomycorrh i zal  Eva l uation  
The  concentrat ion  of  n utr ients  appl i e d  to the  ESD  200  sweet 
b i rch  seedl i ng s  a l so s i g n i f icant ly  affected the l evel  of i nfection of 
the feeder roots by P i sol i thus t i n ctor i u s  after 18 months ' g rowth i n  
the mi ne spoi l potting medi um (Tab l e 1 3 ) .  Aga i n ,  the percen t 
Tabl e  1 3 .  Growth and ectolllycorrhi z a l  deve lopment of sWl!et b i rch I n oc u l ated w i th P i s o l l thus t l nctori us and contro l 
seed l i ngs after IB months In loine spoi l w i th three concentrat i on s  of Hoag land's solution 12 w i th 
micronutri ents and i ron . 
Root Seed l i ng Or� Will !,lht (9! Percent infectlon* 
Hei ght Co l l ar Vo lume Top/Root 
Treatment (em) Dl a (lml) (cm3) Top Roots Tota l Rat i o  f. t i nctorl us Other 
ESD 200 74 . 9ab 6 . 0a 2 8 . 6a 5 . 3a 3 . 5a B . 8a 1 .5a 32b 0 
1 / 2  Hoag l and 
ESO 200 65.8b 5.6a 2 2.0a 4 .0ab 3 . 4a 7 . 4a 1 .2a 74a 0 
114 Hoagland 
ESD 200 36. 7d 4 .6b B . lb l.Oe I .Bb 3 . 8b 1 . la 67a 0 
liB Hoag land 
Contro 1 7 6 . 3a 5 . 3db 2 2 . 2a 5. 1 a  3.6a B . 7 a  1 . 5a 0 29a 
1/2 Hoagland 
Contro 1 48.0c 4 . 6b 1 l . 3b 2 . 7be 2 . lb 4 .Bb 1 .·6a 0 lSa 
1/4 Hoag l and 
C�ntro 1 2 7 . 5d 3 . Se 4 . 3b 1 . 2e 1 . 4b 2 . 7b 1 .0a 0 13b 
l /B Hoagland 
Means w i th a comlllon letter dO not d i ffer s igni f i cant ly between treatments at P�O.05;  a l l  means except percent 
i nfection were rounded to one decima l p lace . 
*Grouping app l ies  on ly to means with i n  ectomycorrhi z a l  treatment s .  
Total 
32b 
74a 
67a 
29a 
2Ba 
I3b 
0"1 
Vol 
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i nfecti on  w ith  P i sol i thus  of the E S D  2 00 seed l i ngs  g rown under the 
i nte rmedi ate ferti l i ty reg ime was somewhat h ig her than that of the 
seedl i ngs  grown at the l ow fert i l i ty l eve l , a l thoug h  the d iffere nce was 
not s tat i s tica l l y  s i gn i f i cant , but both of  these treatment combi nati ons 
had a s i g n i ficantly h i g her percent i nfecti on wi th thi s symbi ont than 
the seedl i ngs  grown under the h i g h  ferti l i ty reg ime . No ectomycorrh i ­
za l  symbiont  other than Pi sol i thus  was found i nfecti ng the roots of 
the ESD 2 00 sweet b i rc h  seed l i ng s  d ur i ng th i s eva l u at i on . The l evel 
of� i n fection  by natura l l y  occurri ng ectomycorrh i za l  fu ng i  of  the 
feeder roots of the contro l  seedl i ng s  was a l so s i g n i fi cant ly  affected 
by the ferti l i ty of the mi ne s po i l , a s  determi ned by the nutr i ent  
treatments . The  only symbi ont found  i nfecti ng the roots of the control 
seed l i ng s  was Thel ephora terre s tr i s .  The percent i nfecti on by 
Thel ephora of the contro l  seed l i ng s  g rown under the h i g h  a nd i nter­
med i a te ferti l i ty reg imes was s im i l ar ,  a nd the seedl i ngs of both of 
these treatment combi nat ions had a s i g n i ficantl y  h i g he r  percent 
i nfection than the control seedl i ng s  grown at the l ow ferti l i ty l evel . 
The ESD 200 seed l i ngs  eva l uated for ectomycorrh i z a l  deve l opment were 
usua l l y  l arger than
'
the control seed l i ngs  w ith i n a l l except  the h i g h  
nu tri e nt trea tment ,  a s  was noted prev i ous ly  for the sweet b i rch 
study as  a whol e ,  and the s i ze an d wei g ht of  the seed l i ng s  of both 
e ctomycorrh iza l  treatments genera l l y  refl ected the ferti l ity reg ime 
under wh i ch they were grown . The top/ root rat i o  of these seed l i ngs 
d i d  not d i ffer s i gn i f ican t ly  among a ny of  the ectomycorrh i za l -
nutrient  treatment combi nat i on s . 
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Greenhouse Stud i es : E uropean Al der 
No ectomycorrh i zal  fung i  were fo und i nfect i ng the feeder roots 
of the European a l der  seed l i ngs  of any of the ectomycorrhi zal -nutrient 
treatment combi nat ions  after five month s ' growth in  the sand cu l tu re 
(Ta bl e 1 4 )  or after 1 8  months ' g rowth i n  t he m i ne spo i l  potti ng 
med i um (Tab l e 1 5 ) .  However ,  the  resu l ts  of the growth , nutri ent 
absorption � and moi sture statu s eval ua t i on s  of these seed l i ng s  are 
i n cl uded here for fu ture reference i n  Tab l e l 6 �  Tabl e l 7 s and Ta bl e 1 8 ,  
res pectively.  Any d i fferences among the treatmen t  combi nat ions  i n  the  
parameters i n c l uded i n  these  res u l t s  were attri butabl e to  the  nutrient  
treatment s ,  variat ion  i n  root nodul at ;on � or ra ndom var i ab i l i ty .  
Tab le 1 4 .  Growth and ectomycorrhi z a l  deve l opment of European a l der i noc u l ated w i th P i so l i thus t i nctorius and contro l 
seed l i ngs after f i ve months i n  sand c u lture w i th three concentrations of Hoag l and's so lut i on 1 2  w i th 
mi cron utrients and i ro n .  
Root Seed l i ng Dr;! Wei ght (91 Percent Infection 
Co l i ar Vo l ume Top/Root 
Treatment (cm) U i a  (11111 ) (cm3 ) Top Roots Tot a l  Rat i o  f. .  t i nctori� Uther Tot a l  
ESD 200 1 5 . 3 a 3 . 0a 1 . 4a 2 . l a b  1 . 9ab 4 .0ab 1 . l a 0 0 0 
1 / 2  Hoag l and 
ESD 200 1 3 . 4a b  2 . 6ab 1 .0ab 1 . 9ab I . labc 3 . 6abc 1 . 2 a  0 0 0 
1/4 Hoagl and 
ES() 200 1 1 . 6bc 2 . l bc O . Sb 1 . 8ab* 1 . 6bc·· 3 . 4bc*** 1 . 2a 0 0 0 
1 /8 Hoagland 
Contro I I S . 2a 2 . 8a 1 . 3a 2 . 2a 2 . 0a 4 . l a  1 . l a  0 0 0 
1 / 2  Hoagl and 
Contro I 1 3 .0bc 2 . 2bc 0 . 6b 1 . 9a b  1 . 6bc·· 3 . 6abc 1 . 2a 0 0 0 
1/4 Hoag l and 
Contro I 1 1 . 2c 1 . 9c 0.4b 1 . 8b* 1 . 6c** 3 . 4c··· 1 . 2 a  0 0 0 
1/8 Hoagl and 
Means wi th a common letter do not di ffer s i gn i f i c ant ly between treatments at P�0.05; a l l  IPea.ns except percent 
i nfec t i on were rounded to one dec ima l p l ace. 
* .  **, and *** D i f ferences in groupi n g  due to rounding.  
(l) 
(l) 
Tab Ie I S .  Growth , ectomycorrhi za l  deve l opment,  and nodu l ation of European a l der i noculated w i th P i so l i thus  t i nctor i u s  and contro l 
seed l ings after 18 months i n  mine spoi I wi th three concentrati ons of Hoag land ' s  solut i on #2 w i th micronutrients and 
i ron. 
Root Seed l i ng Drl Weight Ig) Percent Infec t i on 
Co l lar Volume Top/Root Root 
Treatment (cm) Oi a (DIll) (cm3 ) Top Roots Tot a l  Rat i o  !: .  t i nc tori us Other Total Nodu les 
ESO 200 4 5 . 0a 9 . 1 a  40.4a 6 . 4 a  8 . 5ab 14 .9ab 0 . 8a 0 0 0 14a 
1 /2 Hoag l and 
ESO 200 50. 3a 9 . l a  43.3a 6.3a  1 1 . 5a 1 7  .8a 0 . 7a 0 0 0 10ab 
1/4 Hoagland 
ESO 200 3 7 . 5a 9 .0a 36. 5a 5 .  J ab 1 I . 3 a  1 6 . 4a 0 . 6a 0 0 0 lbc 
1 /8 Hoag l and 
Contro I 55. l a  7 .6a 3 7 . 2a 5 . 5ab 7 .0ab 1 2 . Sab 0 . 8a a a 0 2c 
1 / 2  Hoagland 
Contro l 56.3a 8.4a  54. 3a 4 . 9ab 7 .4ab 1 2 . 3ab 0 . 7a 0 0 0 4c 
1 /4 Hoagl and 
Contro l 34. 6a 8 . 4 a  3 1 . 2a 2 . 8b 5 . l b  7 . 9b 0 . 6a 0 0 0 3c 
1 /8 Hoagland 
Means w i th a common letter do not di ffer s i gn i f i cant ly between treatments at P=0. 05 j  a l l  means except percent i nfection were 
rounded to one dec ima l  p l ace. 
0"1 
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Tab l e  1 6 .  Growth of European a l der w i th and w i t h o u t  P i s o l i th u s  
t i n c t o r i u s  g rown i n  m i n e s p o i l w i th t h ree c o n c e n t rat i on s  of 
Hoag l an d ' s  s o l u t i on # 2  w i th m i cron u t r i e n t s  and i ro n . 
Root Seed l i n g 
T i me of He i g ht Co 1 1  a r  Vo l ume 
Me a s u remen t  Treatme n t  (cm ) Oi a (mm )  ( c m3 ) 
I n i t i a l  ESO 200 1 5 . 0 a  3 . 5 a 1 . 9a 
1 /2 Ho ag l an d  
E S O  200 8 . 2c 2 . 5b 0 . 6c 
1 /4 Ho ag l an d  
ES O 200 5 . 3d 2 . 0c O . 2d 
1 /8 Ho ag l an d  
C o n t ro l 1 1 . 4 b 2 . 6b 0 . 8b 
1 /2 Ho ag l an d  
C o n tro 1 3 .  1 e 1 .  7d O .  1 d 
1 /4 Hoag l an d  
Con tro l 2 . 6e 1 . 4e O . l d  
1 /8 Hoag l an d  
1 8  Mon t h s  ESO 2 00 40 . 5ab 7 . 9 ab 28 . 6a 
1 /2 Hoag l an d  
E S O  200 39 . l ab 8 . 0ab 32 . 6a 
1 /4 Hoag l an d  
E S O  200 3 5 . 0b 8 . 1 a  29 . 8a 
1 /8 Hoag l an d  
Contro l 47 . 3 a 7 . 0b 3 4 . 1 a  
1 /2 Hoag l an d  
Contro l 47 . 6a 7 . 1 b  37 . 9 a  
1 /4 Hoag l an d  
Contro l 34 . 6b 7 . 3ab 30 . 9a 
1 /8 Hoag l an d  
rvlea n s  w i t h i n a g i ve n  t i me of mea s u rement w i th a common l etter d o  
n o t  d i ffer s i gn i f i c a n t ly between t reatme n t s  at P=0 . 0 5 .  
Tab l e  1 7 .  Fo l i ar concent ra t i ons o f  e l ements i n  European a l der w i th and wi thout P i so l i thus t i nctor i us grown i n  mi ne spo i l w i th three 
concentrat i ons of Hoag l a nd ' s  so l u t i on 12 w i th mi cronut r i ents and i ron. 
--!l.e!!! 
Treatment N NOJ P K ca Mg Fe A l  I n  Mn Cu $* B 
ESO 200 259 1 4a 9 7 1 a  1 2 14a 1 4200a 1 5657b 4457c 1 32c B5ab 209ab 6443c 14ab 4900c 59a 
1 /2 Hoag land 
ESO 200 26200a 860a 1057a 14257a 1 5 7 14b 4 1 5 7 c  1 72c lOb 1 59d 69 1 7c 1 5a 3250c 56a 
1 /4 Hoagland 
ESO 200 263 7 1 a  667b 1 300a 1 4 129a 1 5929b 4 700c 185c 7 1 b l 70cd 6849c 14ab 4625c 50a 
1/8 Hoag l and 
Contro l 2 55 7 1  a 857a 1329a 1 0400b 22286a 767 1 a  767a 1 3 2ab 2 2 1 a  12000a 1 4ab 5 1 75bc 58a 
1 /2 Hoag l an d  
Contro I 23029b b97b 107 1 a  10266b 2 1 000a 6 1 29 b  373bc 1 33ab 200abc 10250ab 13ab 7 7 75ab 56a 
1 /4 Hoag land 
Contro l 2 3 3 1 4 b  5 79b l 1 7 l a  1 0443b 2007 1 a  6343b 570ab 1 46a 183bcd 846 1 bc 1 2b 9375a 50a 
1 /6 Hoagl and 
Means with a common l etter do not d i f fer s i gn i f i cant ly between treatments at P=0 .05.  
*Means o f  four rep l i cat i ons o f  each ec tomyc orrh l z a l -nutrient treatment comb i nat i on .  
Mo 
1 . 7ab 
1 . 3b 
1 . 2b 
1 . 7ab 
1 . 6ab 
1 . 9a 
0"1 
1.0 
Tab le 18.  Interna l moi sture status of European a lder w i th and without P i so l i thus t i nctorius grown i n  mine spo i l  w i th 
three concentrat ions of Hoagl and ' s  so lution 12 with micronutrients and i ron. 
Root Seed l i ng So i l  So i I Xy JetR Xylem Re lat i ve 
Height Co l i ar Vo lume Moi sture Moi sture Potenti a l  Potent ia l  Change-Xylem 
Treatment (em) llia (II1II) (cm3 ) a.m. p .m. a.m. ( -MPa ) p .m. ( -MPa ) Potent ia l  
ESO 200 48. labc 9 . 3a 45 .8a 76a 76a -2.03ab -2. 36ab O. 1 7a  
1 /2 Hoag l and 
ESO 200 49. 3abc 9 . 5a 48.801 80a 80a -2. 39b -2.84ab 0 . 18a 
1/4 Hoag land 
ESO 200 39.3bc 8.801 34 . 6a 80a 80a -2. 2 7b -2.89b 0.2ga 
1/8 Hoag land 
Contro I 59.2a 8.4a  5 1 .0a 74a 74a - 1 .8 1 a  -2.29a 0.28a 
1 /2 'Hoag land 
Contro I 56.8ab 8.9a 48.9a. 7 1 a  7 1a -2. 32b -2 . 84ab 0.23a 
1/4 Hoagland 
Contro 1 36. lc 9 .0a 34. 1 a  72a 72a -2 . 28b· -2.87ab 0. 27a 
1 /8 Hoag I and 
Means w i th a common letter do not d i ffer s i gn if i cant ly  between treatments at P=U.05. 
'-J 
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CHAPTER VI 
D ISCUSS ION 
F i e l d  Stud ie s  
Lo bl ol ly Pi ne 
I t  can be co ncl uded that Pi sol i thus t inctori u s  ectomycorrh i zae 
s i gn i f i can t ly  improved the performance of l ob l o l l y pi ne on th i s  m i ne 
spoi l .  Th i s  ecol og i ca l l y adapted fu ngal symbiont  prov ided the hos t a 
greater phys i o l og i ca l  to l e rance of the adverse condi t ions  that preva i l ed 
on th i s  s i te .  I t  i s  bel ieved that the i ncreased capab i l i ty for the 
absorptio n  of  mo i s ture and nutri ents afforded by Pi so l i thus was of 
part i cu l ar importance i n  th i s study due  to compe t i t ion  wi th the grou nd 
cover s pec ies p l anted on the spoi l .  The e s ta bl i s hment o f  an  herbaceous 
g round cove r ,  req u i red by mos t  state recl amation l aws and regu l a tions  
in  the southern Appal ach i an reg ion , prov i ded a degree of  rea l i sm in  that 
it presented a compe ti t ion  vari abl e u sua l ly i g nored in recl ama t i on 
stud i es , and hel�baceous speci es often prove to be formidab l e  competi tors 
for l i ght , mo i s ture ,  and nutrients wi th the woody spec ie s  p l anted on  
these s i te s . Neverthe l es s , it  has  become i ncreas i ng ly des i rabl e to 
revegetate coal spo i l s s imul taneou s l y  wi th  both g round cover s pec i es , 
wh i c h  p rov ide early protection  from e ro s i on , and w ith  woody speci e s ,  
whi ch prov ide  l ong-term s i te p rotection and a potenti a l  economi c return 
i n  the form of timber and pu l pwood .  The resu l ts of th i s  study i n d i cate 
that the l ob l o l l y  p i ne seedl i ngs  i n fected wi th P i so l i thus  were superi or 
i n  the i r  ab i l i ty to surv ive and grow under  these condi t i on s ,  even thoug h 
7 1  
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they had on ly  a moderate l evel  of infection by this symbiont. I t  is 
probabl e that the infection  with Pisol it hu s was of particu l ar 
impo rtance du ring the first growing season , a critica l period in 
seedl ing estab l is hment , due to the occurrence of exten ded dry periods . 
A l so , it is pos s ibl e t hat the poor conditions  of the first yea r  served 
to encourage the deve l opment  of new Piso l ithus ectomycorrhizae on the 
roots of these seedl ings d ue to the competitive advantage this 
symb ion t has  on harsh sites . However , hig he r  initia l  l eve l s of 
infection with  Pisol ithus  of l ob l o l l y  pin e  seed l ings  destined for 
outpl an ting on adverse s ites wou l d  u ndoubted l y  prove to be even more 
beneficia l to overa l l  seed l ing performance .  
Fertil ization was found  to be both a positive and  a negative 
factor  in t he establ ishment of l obl o l l y  p ine on this site . The 
a pp l ic ation of fertil izer during the first growing season modera te l y  
en hanced  the rel ative g rowth i n  height a n d  root col l ar d iameter of 
these seed l ings ,  but fertil ization proved to be l arge l y  detrimental 
to su rviva l .  Czapowskyj ( 1 973 ) a l so  n oted that the fertil ization of 
forest  tree seedl ings on s urface-mined sites was not entirel y  free from 
the risk of redu cing surviva l ,  a l thoug h s u rviving seedl ings genera l l y  
exhibited a favorab l e growth res ponse . Severa l  possib l e exp l a nations  
exist for the re l at i ve l y  high morta l ity of  the  fertil ized seed l ing s  in 
t his stu dy . The appl ication of  fertil izer  to the spoi l s urface , which  
s imu l ated the hyd roseeding method of  a ppl ication commo n l y  empl oyed in 
the s teep terrai n  of the sou thern Appa l achian  coal fie l ds ,  s timu l ated 
the growth of the herbaceous g round cover specie s ,  res u l ting in 
increas ed competi tio n for l ig h t ,  moistu re , and nutrie nts . I n  some 
73 
i n stan ce s , the herbaceous  s peci e s  overto pped the p i n e  seedl i ng s . I t  
i s  a l so probabl e that ferti l i za t i o n  duri ng the f i rst grow i n g  season 
st imu l ate d  exces s i ve top g rowth , wh i c h  the root system was 
phys i o l og ica l ly  i ncapabl e of  s upporti ng during  the dry periods  of 
the s ummer and fa l l  seasons .  The probl em of a n  undes i rab ly  h i g h  
top/ root rat i o  wou l d b e  accentuated by the competi t i on w i th the 
herbaceous  spec i es . I t  i s  apparen t that further resea rch i s  wa rranted 
w i th respect to the rate , t imi ng , and method of  fert i l i zati on  depl oyed 
o n  coa l s po i l s  when the e stabl i s hmen t  of both ground cover and  woody 
s pe c i es i s  des i red . 
A con s i derat ion  of the i nteracti o n  of  the two treatments 
i nd icates that e i t her of the treatment combi nat i ons  w ith  P i so l i thus  
ectomyco rr h i zae were s uperi or  to those w ith  control seed l i ngs  i nfe cted 
by Thel ephora terres tri s ,  a s  i nd i cated by the d i s pa r i ty i n  the 
rel ative  g rowth i n  p l ot vol ume i ndex (RPV I ) between the GA 1 00 and 
contro l  seedl i ng s  after three  years . Nonfert i l  i zed seedl i ngs  w ith  
P i so l i thus  was the  combi nati on  o f  treatments  most  c l osely approach i ng 
common ly  a ccepted rec l amat ion  o bjectives ,  i . e . , maximi zati on of s i te 
protection  and productiv i ty .  Al though the ferti l i zed s eedl i ng s  w i th 
P i so l i thus  exh i b i ted a s im i l ar R PV I  to  tha t o f  the nonfert i l i zed 
GA 1 00 seedl i ng s ,  the fert i l i zer- i nduced l ower survi val of th i s  
treatment comb i nat i on ren dered i t  l es s  des i rab l e ,  a s  the d i s tri bu t i on of 
seed l i ng s  over the s po i l  surface i s  an important  con s i dera t i on i n  the 
control  of eros i o n .  The ferti l i zed  contro l  seed l i ng s ,  represen t i ng 
the most common method o f  esta bl i shment of woody s peci es  on adverse 
s i tes , wa s the p oorest  of a l l  the treatment combi nat i on s  in th i s  
regard . I t  was apparen t i n  th i s  stu dy that the i nfect ion by 
P i so l i thus  was on l y  parti a l ly  capabl e of  compensati ng  for the 
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reduction  i n  survi val  res u l t i ng from ferti l i zat i o n ,  a l though a h i g he r  
l evel o f  i n fection by th i s  symbi ont wou l d  i n  a l l proba bi l i ty have 
reduced the morta l i ty of the ferti l i zed seedl i ng s .  I t  i s  a l so probabl e 
that an adjustment i n  the rate , t im i ng , and method of fert i l i ze r  
a ppl i ca ti ons  wou l d  enabl e l ob l o l l y  p i ne seedl i ng s  to deri ve max imum 
benefi t from both P i so1 i thus  ectomycorrh i zae a nd nutri ent  amendments . 
I n  a s im i l ar s tu dy .  Marx and  Artman ( 1 979 ) found tha t  ferti l i ze r  
tabl ets i ns ta l l ed i n  the rhi zos phere were not detr imenta l to the 
surv i va l  of l obl ol ly p i ne w i th a bun dant  P i so 1 i thus  ectomycorrhi zae on  
a n  ac id  coa l s po i l  i n  eas tern Kentucky ,  and that the  growth of 
nonfert i l i zed seedl i ngs  w i t h  P i so 1 i thus  was equa l  to that of 
ferti l i zed  seedl i ng s  with The1 ephora ectomycorrh i zae . However .  
compe t i ti on wi th ground cover s pec i es was not  a factor i n  t he i r  
stu dy .  Neverthel e s s .  these s l ow-re l ea s e  fert i l i zer tab l ets may 
prove to be more compati b l e  w ith  the u se of p i ne seed l i ng s  wi th 
P i so l i thu s than the broa dcas t  a p p l i ca ti on of ferti l i zer . Resea rch 
i s  needed to further del imi t t he ferti l i ze r  variab l e  such  that the 
improved performance afforded l o bl o l ly  p i ne on coa l spoi l s  by an 
i n fection  wi t h  P i sol i thus  i s  not compromi sed to the detriment of 
overa l l  recl amation  s uc ces s . 
The poor survival  i n  severa l p l ot s  of the l ob l o l l y  p i ne 
seed l ings  made i t  d i ff ic ul t to a s se s s  d i f ference s  i n  the absorpt ion  
of nutri ents between the treatment c ombi nati ons . The c hemi ca l 
a na l ys i s  of a l imi ted n umber of fol i a r  samp l es  co l l ecte d  duri ng 
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the th ird  growi ng s ea s on revea l ed tha t the seed l i ngs  w i th  P i so l i th u s  
genera l ly had a h i g he r  fol i a r  concentrat i on of N03 a nd a l ower concen­
trati on of Zn than the  contro l  seed l i ng s . The  e n hanced a bsorption of 
N03 un doubted l y  contri buted to the improved overa l l  performance of the 
GA 1 00 seedl i ng s , a l though  t h i s s po i l  was not s u ffi c i ent ly  devo i d  of the 
e ss ent i al  nutri ents to i n h i b i t  the establ i shment of l obl o l l y  p i ne .  The 
e l evated concentra t i on s  of many of the potent i a l l y  tox i c  meta l l i c e l e ­
ments i n  th i s  spo i l ,  a n d  the l ower fo l i ar concentra t i on o f  Z n  i n  the 
GA 1 00 seedl i ng s , wou l d tend to l end  credence to the theory that some 
ectomycorrh iza l  fung i may have the a b i l i ty to i na ct i va te h i g h  concentra­
t ions  of tox i c metal s ,  a l though  th i s  i s  l a rgel y a matter of conjectu re 
and  the data pre sented  here are gros s l y  i nadequa te to s u pport such  a 
concl u s i o n .  However ,  Marx and Artman ( 1 979 )  found tha t  l obl o l l y  p i ne 
w i t h  P i so l i thus  ectomycorrhi zae  had l ower fo l ia r  concentrati ons of 
s u l fu r ,  i ron,  manganese ,  a nd a l umi num as  wel l  as  a h i g her concentrati on 
of n i trogen ,  than seedl i ngs  w i th  Thel ephora ectomycorrh i zae  i n  the i r  
s tudy on the ac id  s po i l i n  Ken tu c ky .  I t  i s  probab l e that the var i a t i on 
i n  the concen tra t i on s  of  N03 , Ca , Fe , S ,  and  Mo i n  the fol i ar sampl e s  
col l ected dur i ng t h e  second growi ng sea son refl ected t h e  c hem i ca l  
heterogen i ety o f  the s po i l  mater i al s ,  a s  the nutrients appl i ed duri ng 
the f i rs t  grow i ng s eason were undoubtedl y depl e ted by the second yea r 
and  the d i fferences i n  fol i a r  concentrat i on s  of these i on s  d i d  not 
a ppear to refl ect a res pons e  to e ither  the ectomycorrhi za l  or 
fert i l i zat ion  treatments . 
It  can be concl uded that P i so l i th u s  ectomycorrh i zae 
s i g n i f i cant ly  redu ced the i nternal  moi stu re s tres s  of l obl o l l y  p i ne 
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on th i s  s i te duri n g  peri ods of h i g h  mo i sture s tress , and th i s  was a 
maj or factor i n  the s u peri or overal l performance of the GA 1 00 
seed l i ng s .  The l ac k  o f  s ig n i f i cant di fferences among the treatment  
combi nations  i n  the c hange in  xyl em poten t i a l  between the dawn and  
afternoon measurements re l at i ve to  the dawn measurement  i nd i cated that  
m idday trans p i rati ona1 l os ses  re l at ive  to  the water reserved i n  the 
woody t i s sues and  that be i ng concurrently absorbed were fa i r l y  equal 
between the ectomycorrh iza l  treatments . However , the d i s t i nc t  
d i fferences i n  xyl em potenti a l  between the GA 1 00 and control seed l ings  
dur i n g  the ear ly  afte rnoon tes t i n g  period , when h igh  tran spi rational  
l osses  cau sed m i d day moi s ture defi c i ts ,  and the l ess pronounced 
di fferences dur i ng the dawn te st i ng  per i od ,  when the recha rge of 
seedl i ng water was at the ma xi mum permi tted by the moi sture s tatu s of  
the spoi l and the a bsorpti on capaci ty of the root s ,  i n d i cated that the  
seed1 i ng s  w ith  P i sol i thu s had an en hanced capa c i ty to  a bsorb water 
under the stress  cond i t i ons of mi dday and a l so to recharge the water 
reserve i n  the woody t i s sues of these seedl i ng s  at n ight .  It  i s  
probabl e that the i nfecti on by P i so l i t hu s  resu l ted i n  an expanded root 
su rface area and extramatrica l  hyphae wh i ch fu nctioned to more 
thoroughly expl o i t  the su rrou nd i ng spoi l vo l ume for avai l abl e moi s ture . 
The d roughti ness of th i s s i te was i l l us trated by the h i g h  readings  of 
the ten s i ometers i n sta1 1 ed i n  each p l o t ;  by ag ronomi c s tandards , a 
readi n g  of  approx imate ly  40 i s  the poi nt at which  drought-res i stant 
crops requ i re irr igation . Al tho ug h  the percent g round cover i n  the 
pl ots of the ferti l i zed control seed l i ngs  was s i g n i f i cantl y h i g her  
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t han t hat  of t he o ther treatment combi nat i ons , thi s was not ref l ected 
i n  t he moi sture statu s  of the s po i l  vo l ume in these p l ots . 
Vi rg i n i a  P i ne 
P i sol i thus ti nctor i u s  ectomycorrhi zae d i d  n o t  improve the 
overa l l performance of V i rg i n i a  p i ne on th i s s i te after two years . 
There were prel im i nary i nd i ca ti on s  that the i nfection  wi th  P i sol i thus 
wou l d  prove benefi c i a l  to these seed l i ngs ; after one year ,  the pl ot 
vo l ume i n dex (PVI ) of the con trol seed l i ngs  of  both ferti l i zer 
treatmen ts was s i g n i f i ca nt l y  l ower than that of a l l  the treatment 
comb i nati ons wi t h  Pi sol i thus except the nonfert i l i zed GA 1 00 seed l i ng s ,  
wh i c h  had been sma l l  a t  ou tp l a nti n g .  However, there was n o  ev i dence 
of improvement due to P i so l i thus  at  the end of thi s s tudy . Severa l 
poss i bl e  expl anati ons exi st  for the neg l i g i b l e  effect of the 
P i so l i thu s ectomycorrh i zae . Wi th t he exception  of a trend toward 
d rought i ness a nd h i g h  l evel s  of severa l poten t i al l y  tox i c  meta l s ,  th i s  
spoi l was more than adequate for the growth of V i rg i n i a  p i n e ,  a 
spec i es noted for its  hard i ness  o n  poor s i tes . Furthermore , ampl e 
prec i p ita t i on dur i ng the first  g rowi ng season greatl y  fac i l i ta ted the 
early estab l i s hment of the seed l i ng root systems and reduced the 
potenti a l  benefi t afforded by an i nfect ion  wi th Pi so l i thu s .  Neverthe­
l ess , i t  i s  proba b l e that a h i g her i n i t i al l evel of i nfect ion by th i s  
symbiont  wou l d have res ul ted i n  a more substant i a l  improvement i n  
overa l l seedl i n g  performa n ce . The i n su ff i c i ency of  the i n i ti a l  
i n fection  by Pi so l i thus  was poss i bl y  compounded by the favorabl e 
cond i t i on s  of the f i rst  g rowi ng season , wh i ch compromi sed the 
competi t ive  advantage th i s symb iont  ha s o n  harsh s i tes a nd s l owed 
the devel opment of new P i so l i thu s e ctomycorrhi za e  that m i ght  have 
proven more benef i c i al d ur i ng  the dri er  s econd year. 
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The ferti l i zation  of V i rg i n i a  p i ne dur i ng the f ir st  growi ng 
s eason proved to be both a pos i t i ve and a negat ive  factor i n  overa l l 
s eedl i n g  performance . As was the case wi th  l o bl o l l y  p i ne , 
ferti l i zat ion  res u l ted i n  a marg i n a l  improvement i n  the re l at ive  
growt h i n  he i ght  of the se  s eed l i ng s ,  but i t  a l so res u l ted i n  a 
s ubsta n t i a l  reducti on i n  surviva l
'
, Here aga i n ,  the g rowth of the 
g round cover spec i e s  was stimu l a ted by the appl i cat ion of the 
ferti l i zer  to the spo i l  s urface , wi th  the resu l ti ng i ncrease i n  
competi t i on between the herbaceo u s  s pec i e s  and the p i n e  seedl i ngs . 
Al so , i t  i s  probab l e  that fert i l i za ti on  s t imu l a ted top growth of 
these s eedl i ng s ,  wh i c h  posed no probl em to the root system during  the 
rel a t i ve l y  wet f irst  growi n g  seaso n , but wh i c h  resu l ted i n  s i gn i f i cant 
morta l i ty duri ng the dr ier  s econd sea son . 
The chem ica l  anal ys i s  of the fo l i a r  sampl es col l ected duri ng 
the second growi ng season revea l ed a respon se to the app l i ca t i on of 
n i t rogen dur i ng the prev iou s yea r.  Ferti l i zed V i rg i n i a  p i ne seed l i ng s  
had a s i gn i f i ca nt ly  h i gher concen trat ion of  fol i a r  N than non­
ferti l i ze d  seed l i ng s .  G i ven  the rel at i ve l y  poor s u rv iva l  of the 
ferti l i zed  s eedl i ng s ,  however ,  i t  i s  apparent t hat n i trogen i s  not a 
l im i ti ng factor to V i rg i n i a  p i ne on  th i s  s i te ,  and i t  i s  probabl e 
that the appl i cation  of thi s n utri ent dur i ng  ferti l i zation  on l y  
served to s timul ate the excess ive top growth whi c h  eventua l ly 
contri buted to the i nc rease i n  seedl i ng morta l i ty .  The vari ab i l i ty 
79 
i n  the fo l i a r  concentrat ions  of P ,  Mg , Z n ,  Mn , S ,  S ,  a nd Mo can onl y 
be i n terpreted a s  a ref l ection  of  the chem i cal  heterogen iety of thi s 
spo i l , a s  t here i s  no i ndi ca t i on of a response to e i t her t he 
ectomycorrh i za 1  or ferti l i zat i on treatments .  
I t  can be conc l uded that  P i so 1 i th u s  ectomycorrh i zae 
s i gn i ficantly red uced t he i nterna l  moi s ture s tres s  of  V i rg i n i a  p i ne 
on  t h i s s i te dur ing extended dry peri ods , a l t hou g h  th i s was not 
s uffi c i ent to produce an improvement in the overa l l performance of 
these seedl i ngs  after two yea rs . A l l of the treatment combi n at i ons  
w i th P i so1 i thus  ectomycorrhi za e  except  the ferti l i zed  ASB 1 00 and  
ABB  200 seedl i ngs ex h i b i ted l ower mo i s tu re stre s s  t han  the  fert i l i zed 
and nonferti 1 i zed control s eed l i ng s  w i th The1 ephora terre s tr i s  
ectomycorrhi zae dur i ng the dawn tes t i ng per i od ,  and a l l except the 
fert i l i zed  ABB 1 00 seed l i ng s  exh i bi ted l es s  s tress  than the control 
seedl ings  d ur i ng the afternoon test ing per i od .  Th i s  i nd i cated t ha t  
t h e  ectomycorrh i zae and extramatri ca1 hyphae resu l t i ng from the 
i nfection by P i so1 i thu s functi oned to enhance the absorpt ion of  water 
dur i ng the m i d day peri ods of h i g h  tra n s p i rat i ona1  l os se s ,  but  they 
a l so functioned to rec ha rge  the moi stu re reserve i n  the woody ti s sues  
of these  seedl i ng s  du r ing the  eve n i ng hours . It  i s  probabl e that the 
fa i l ure of the ferti l i zed ABB 1 00 seed l i ng s  to exh i b i t  l e ss s tres s  than 
the contro l seedl i ng s  can be parti a l l y  attri buted to the l ow l evel  of 
i nfection w i t h  P i sol i thus  of these s eedl i ng s . There was a l so some 
i nd i cat i o n  that the seed l i ng s  w i th  h i g he r  l evel s of i nfec t i on w i th 
th i s , symbi ont  had l ower mi dday tran s p i ra t i onal  l osses  rel at ive  to the 
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water reserved  i n  the woody t i ssues  and that be ing concurren t ly  
absorbed by t he root systems , a s  i nd i cated by the compara t ively sma l l 
rel a ti ve c hange i n  xyl em potentia l  of the ABB 200 seedl i ng s .  Al though  
the data presented here ; s  not concl us ive  i n  th i s  regard , thi s woul d 
appear to be add i tional  evi dence of the s u per ior abi l i ty of the root 
systems of the seedl i ng s  wi th  P i sol i thus to a bsorb water du r i ng mi d day 
when trans pi ration  rates were h i g h ,  but i t  wou l d  a l so s eem to i nd i cate 
that these seed l i ng s  began the day w i th  a more adequate rec harge of 
the i r  water reserves . As was reported previous ly  for l obl o l l y  p i n e ,  
the droughti ness  o f  thi s s po i l was i n d i ca ted by the h i g h  read i ng s  o f  
the tens iome ters i n stal l ed i n  each p l ot of  Vi rgi n i a  p i ne duri ng t h i s  
ex per iment .  The d i fferences among the trea tment combi nat ions  i n  
seedl i ng s i ze ,  percen t ground cover , and  s po i l  moi sture s �t u s  d i d  
not appear to be s uffi c i ent t o  produce correspond i ng di fferences  i n  
t he mo i s ture s tre ss of the tes ted seed l i ng s .  
Greenhouse  Studi es 
Sweet B i rch 
I t  i s  a pparent that an i n du ced i nfecti on of sweet bi rch by 
P i so l i thus t i nctor i u s  can be accompl i s hed  through  the u se of a 
vegetat i ve mycel i a l  i nocu l um ,  and that the l evel  of  t h i s i nfect i on i s  
great ly  i nfl uenced by the fert i l i ty of the potti ng med ium .  H i g h  
ferti l i ty reduced the i nfection  o f  sweet b i rch  by P i so l i thus  i n  both 
t he quartz sand and mi ne s poi l pott i ng med i a .  Thi s l ends credence 
to the t heory that thi s  symbiont  i s  p hys i o l og i cal l y  adapted for 
surv i va l  and growth under con d i t i on s  that wou l d  prove pro h i b i tory to 
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the ectomycorrh i zal fu ng i norma l l y occurri ng i n  rout i ne fores t  so i l s .  
I n  a s imi l ar s tu dy ,  Marx et a l . ( 1 9 77b ) fou nd that h igh  l evel s of 
n it rogen and  phos phorus i n  the pott i ng  medi um reduced the 
s uscept i bi l i ty of the feeder roots of l ob l o l ly p i ne to ectomycorrh i zal 
devel opment by P i s ol i t hu s ,  and attri buted t h i s to a l ower suc rose 
content in  t hese roots . There was some i nd i ca t i on , a l t hough the data 
presented here are not con c l u s i ve , t hat extremely  l ow fert i l i ty a l so 
reduces the i nfecti on of sweet b i rch by P iso l ithus , or at l east that 
there i s  a po i nt beyond wh i c h  progress i vely l ower fe rt i l i ty l evel s do 
n ot resu l t  i n  prog ress i ve ly  h i g he r  l eve l s of i nfec t i on . As there i s  
an i n terdependence for certa i n  resources between the fu ng u s  and host 
in any mycorrh izal  assoc iat ion , i t  i s  poss i bl e  that the ab i l i ty of 
the seed l ings  grown under the l ow fert i l i ty regi me to prod uce a 
s u ff i ci ent ex ces s  of carbo hyd rates , or to prod uce a suffi c i ent ex cess 
of a s pe c i fic  ca rbohydrate condu c i ve to the g rowth of Pi sol i thu s ,  
u l t i mate ly  proved to be the fa ctor that l imi ted the l evel  of i n fection 
achi eved by th i s  symbion t  at the l ow fert i l i ty l evel . Thi s 
o bse rvati on suggests a need for further i n vestigat ion .  I t  was al so 
a pparent  that the ferti l i ty of the potti ng  med i a  i nf l uenced the l evel 
of  i nfection by The l ephora terrestri s ,  a natura l ly occu rri ng  symbiont  
i ntroduced v i a  wi nd-d i s semi nated propagu l es .  Thel epho ra genera l l y  
exhi b i ted a pos it ive response to increa s i n g  ferti l i ty l eve l s  i n  both 
pott i ng med i a , a l t houg h  compet i t i on w i t h  Pi sol i thus appeared to have 
excl uded th i s  symbiont from the roots of the ESO 200 seedl i ng s  in the 
m ine spoi l .  I t  i s  obv i ous that Thel ephora i s  p hys i o l og i ca l ly  adapted 
to surv ive and form ectomycorrhi zae on the roots of th i s  host when 
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essentia l  nutr ients are supp l i ed at l eve l s exceed i n g  those commonly 
ex i st i ng in  m i ne spo i l  mater i a l s .  The ev i d ence presented. here 
i nd i cates that the  fert i l i ty of the med ium i n  wh ich  sweet b i rch i s  
grown predi s poses the l evel of i nfect i o n  atta i ned  by the ecto­
mycorrhi zal  fu ng i present i n  the  r h i zosphere , whether natura l l y  
occ urri ng or arti fi c i a l ly  i ntroduced . Any effort  to ma n i pu l ate thi s 
i nfecti o n  for practi ca l  appl i ca tions  wi l l  i nvol ve the sel ecti on of a 
funga l symbiont  whi c h  i s  ecol og i ca l ly  compati b l e  wi th the u l timate 
outpl ant ing s i te and the impl ementat ion of cu l tural practi ces wh i ch 
assure i ts prol i ferati on on the roots of thi s hos t ,  as the candi dates 
for the symbiot ic  i nfection  of sweet b i rch  va ry great ly  in t he i r  
response to  t he appl i cat ion  of nutri ent amendments . 
I t  can be concl uded that P i so l i thus  ti nctor ius  ectomycorrhi zae 
s i g n i f i cantly improved the growth of sweet b i rch  i n  both the qua rtz 
sand and m ine spoi l pott i ng med i a .  The a bundant  ectomycorrhi zae a n d  
extramatrical  hyphae resu l t i ng from the i nfection by th i s  symb ion t  
effec ti ve ly enhanced the absorption  o f  nutri ents by the host ,  a s  
refl ected by the d i spari ty i n  s i ze wi th i n nutr i ent treatments between 
the �SD 200 and control seedl i n g s . Wi th  the exception  of the 
seed l i ng s  g rown under the h i g h  ferti l i ty regime , the seedl i ngs  w ith  
P i so l i thus  were cons i sten tly l a rger  wi thi n nutr i en t  treatments than 
the seedl i ngs  wit h  Thel ephora , and  often the  ESD 2 00 seed l i ng s  were 
s im i l ar i n  s i ze , and occa s i ona l l y  l a rger , than the  contro l  s eedl i ng s  
grown u nder a h igher  fe rti l ity reg ime . Th i s  i nd i cated the ab i l i ty 
of P i so l i thus  ectomycorrh i zae to compen sate for i nade quate suppl i es 
of essenti a l  n utri ents wi th no a pprec i a bl e  reducti on i n  growth .  
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It i s  probab l e that the s u per i or grm<lth of the ESO 200 seedl i ngs ca n 
be l arge ly  attri buted to an enhanced absorpti on of n i trogen , as  
seed l i ng s  with P i s o l i thus had a h i g her  fo l iar  concentratio n  of total N 
than the control seed l i ng s . A l s o ,  on ly  w i thi n  the h i g h  nutrient  
treatment  d i d  the s i gn i f icant  d i f ference in  the  fo l i ar concentrat i on 
of tota l N between the ESO 200 and contro l  seed l i ng s  fa i l  to be 
refl ected by a cons i stent l y  superior  overal l g rowth of the seed l i ng s  
w i t h  P i sol i thus , i n d i cati ng that thi s nutrient treatmen t  probab ly  
suppl i ed n i t rogen far i n  exce ss  of that requ i red  by the host .  
Evi dent l y ,  not o n l y  does h i g h  ferti l i ty reduce t he i nfect i on o f  sweet 
b i rch  by thi s symbiont ,  b ut  the advantage afforded ' th i s host by a 
redu ced i nfect i on wi th  P i so l i t hus  i s  l a rgely compromi sed when 
esse ntia l  n utrients  are s u pp l i e d  i n  a bundance . The s i gn i f i ca n ce of 
t he h i g her  accumu l ation  of Mg i n  the l eaves of the control seed l i ngs  
i s  l arge l y  a matter of s pecu l at ion , and  the temptati o n  to a ttri bute 
the l ower concent rat ion  of Al i n  the fo l i age of the ESO 200 seed l i ngs  
to a t heoreti ca l  ab i l i ty of P i so l i thus to  i nactivate h i g h  con centra­
t i on s  of potentia l l y  tox i c  meta l s  i s  negated by t he l ow concentration  
o f  th i s  e l ement  in  t he m i ne spoi l used  as the potti ng med i um .  
Neverthe l es s ,  the a daptabi l i ty of sweet b i rc h  to the  poor substrates 
used  i n  thi s i nvest i gation , and  t he ab i l i ty of Pi sol i thus  to form 
a bu ndant  e ctomyc orrhi zae on thi s host whi c h  substan ti a l ly "i n crease i ts 
g rowth at l ow ferti l i ty l eve l s ,  renders obv ious  the potent ia l  of thi s 
combi nat i on of host and sym b i o nt for use  i n  the revegetat i o n  of 
s urface m i ne  spoi l s .  
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I t  i s  a pparent  tha t P i sol i thus  ti nctori u s  ectomycorrh i zae d i d  
n o t  reduce the i nterna l mo i s ture s tres s  o f  sweet b i rch  i n  th i s  study .  
Thi s  fa i l u re can be l argely attri buted to a n  unsuccessful effort to 
i n voke mo i s tu re s t re s s  i n  these  seedl i ngs , as i nd i cated by the mod e s t  
val ues for negat ive xyl em potent ia l  obta ined duri ng both tes t i ng 
per i od s ,  by withho l d i n g  wa ter from them for e i g ht days pri or to 
tes t i ng .  Obv i o u s l y ,  a l onger peri od wi t hout  i rr iga ti on wou l d  be more 
effect ive i n  br i ng i ng about the moi sture def i ci t requ i red i n  a s tudy 
of thi s natu re . Al s o ,  i t  i s  probabl e that the transpi rat ion rate of 
these seedl i ng s  was s uppressed by t he s u bdued l i g ht i n  the g reen hous e ,  
des p i te the use o f  s u pp l ementa l  l i g ht i ng .  G iven the  eff i c i en cy of a 
modera te l evel of i nfecti o n  by P i so l i thu s i n  reduc i ng the moi s tu re 
) 
s tress  of l ob l ol ly  and  V i rg i n i a  p i n e  as  demonstrated i n  the fiel d 
s tu di e s , i t  i s  l i ke l y  that u nder cond i t i ons of suffic i ent stress the 
abundant P i so l i th u s  e ctomycorrhi zae on t he roots of the ESD 200 swee t 
b i rc h  s eedl i ng s  woul d impart a s imi l a r ,  i f  not grea te r ,  advan tage to 
thi s hos t . 
Europea n Al der 
It can be concl uded that the i so l a te of P i sol i thus  t i nctori u s  
used i n  the g reenhouse s tu di es was not  p hys i o l og i ca l l y  s u i ta bl e for 
the i nfection  of European al der .  Desp i te the  i ncorpora t i o n  of a 
mycel i a l  i n oc u l um of thi s symbiont  i n  the sand cul tu re pr ior  to 
seed i ng ,  and rei nocul at i o n  upon transp l ant i ng to the m i ne s po i l , 
ne i ther P i so l i thus  nor  any other funga l symbi ont  was found  i nfec t i n g  
t h e  roots of th i s  hos t .  I t  i s  probabl e that thi s ectomycorrhi zal  
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s pec i e s  i s  phys i o l og i ca l ly  i ncompati b l e  w ith  European a l der ,  and any 
attempt to i nd uce  a symb iotic  i n fection i nvo l v i ng th i s  fung u s  arid host 
u s i ng rou t i ne  methods wi l l  prove unsuccessful . Any di fferences 
between the treatment combi nati ons in the grm'ith , nutrient 
absorpti on , or  moi sture s tatus of the European a lder seed l i ng s  i n  
t h i s  stu dy ca n not be attri buted to a n  ectomycorrh i za l  i nfect i on . I t  
i s  poss i b l e t hat  the  rel a t i ve l y  l a rge number of nodul es  on  the roots 
of the ESO 200 seedl i ngs  was a respon se to res i dual  carbohydrates ' i n  
the venni c ul i te a nd peat mos s  used as  a p hysi ca l  carrier  i n  the . 
Pi sol i thu� i nocu l um ,  and these nodu l es may parti a l l y  exp l a i n  the 
genera l l y  hj g h  fo l i ar  concentrat ion  of tota l N i n  the ESO 200 
seed l i ng s  re l at i ve to the contro l seedl i ng s . A l l other d i f ferences 
w i th i n  n u tri e n t  treatments between the ESD 200 and control seedl i ngs  
i n  t he  a bsorp ti on of essent ia l  n utrients can on ly  be attri buted to 
random var iat ion . A l though  Europea n a lder has been e spou sed as  a 
s pec ies  of  c on s i derabl e poten t ia l  for the revegetat ion of d isturbed 
s i te s , i t s  i nabi l i ty to w ithstand even moderate droughtiness , as . 
i nd icated by the extreme va l ue s  obtai ned for xyl em potential  duri ng  
both test i ng  per i ods , l eaves some question  as  to  i ts  abi l ity to 
surv i ve o n  coa l spoi l s .  The extremely  h i g h  readi ngs of the 
ten s i ometers i ns ta l l ed i n  the contai ner of each rep l i cation tested 
for moi sture s tress  offered some i ndkation  of the water  requi remen ts 
of thi s s pec i es ; after e i ght  days wi thout i rri gation , these 
seedl i ngs  had l arge ly  exhausted a l l  ava i l abl e moi sture i n  the mine 
spo i l pot ti ng medi um ,  a nd the onset of wi l ti ng was evident.� The 
quest"i o nabl e survi va bi 1 ity of European a l der on s i tes  that susta i n  
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moisture deficits during the growing season may render it unreliable 
as a revegetation species on coal spoils in the southern Appalachians 
unless establishment techniques are developed that counteract this 
deficiency. These may i nclude , but would not be limited to, prior 
infection w ith a physiologically compatible ectomycorrhizal symbiont 
that has a demonstrated abi 1 ity to faci 1 itate the absorption of 
water. 
CHAPTER V I I  
SUMMARY 
I nduced mycorrh i za l  rel at ion s h i ps a re bei ng g i ven maj or con s i d ­
erat ion i n  research efforts  d i rected toward improved revegetat ion 
tec hn i que s  for su rface m i ne s po i l s .  The i nocu l at i on of se l ected 
spec i e s  of fore s t  tree seedl i ngs  w ith  the appropri ate ectomycorrhi za l  
fun gu s  pri or to ou tp l ant i n g  has con s i dera b l e  potent i a l  a s  a n  i nva l uab l e 
too l i n  devel op ing  effective revegetation methods and may red uce or 
e l imi nate the need for fert i l i zat ion on many of these  s i te s .  After 
three years , the s urv i va l  and  growth of l obl ol l y  p i ne seed l i ng s  
i nfected wi th  P i sol i thu s t i nctori u s  was s u perior to that of seed l i ngs  
i n fected wi th natura l l y  oc curri ng  ectomycorrhi za l symb i onts , pr imari l y  
T hel ephora terrestri s ,  on a coa l mi ne s po i l  i n  Tennessee . Seed l i ng s  
w i t h  P i sol i thus  ectomycorrhi zae had a h i g her fol i ar  concentration  of 
N03 and a l ower con centrat ion of Zn than control seedl i ngs  an d 
exh i b i ted  an en hanced a bi l i ty to absorb water duri ng peri od s  of h i g h  
moi sture stre s s . Fert i l i zat i on proved to be both a pos i t i ve and a 
negat i ve factor i n  the overa l l performance of these seed l i ng s ,  
res u l ti ng i n  some improvement i n  seed l i ng g rowth but s ubstan ti a l l y  
redu ci ng survi val . The re l at i vely  poor survi val  of the fert i l i zed 
seed l i ngs  was attri buted to an imba l ance i n  the top/root rat io  and 
enhanced competi t i on wi th herbaceou s  ground cover s pec ie s . The 
i nfection w i th Pi sol i thu s was on l y  parti a l l y  capabl e of compen sati ng 
for ' the reduced surviva l  res u l t i ng from ferti l i zati on ,  a l though  more 
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abunda nt P i so l i thus  ec tomycorr h i zae on  the roots wou l d  have probably 
reduced the  morta l i ty of the ferti l i zed seedl i ng s . 
An i nfect ion  w i th P i so l i thu s d i d  not s i g n i fi cantly improve the 
overa l l  performance of V i rg i n i a  p i ne seed l i ng s  on th i s  s i te after two 
years , a l thOug h the seed l i ng s  i nfec ted wi th thi s symbi ont exh i b i ted 
an enha nced a bi l i ty to absorb water dur i ng extended dry per i ods . The 
ha rd i nes s of V i rgi n i a  p i ne on poor s i tes a nd abundant preci p i tat ion 
duri ng t he f i rst  grow i ng  season may have compromi sed the potenti a l  
benefi ts of an i nfec t i on by Pi so l i th us .  Ferti l i za t i on aga i n  s ub­
s tanti a l l y  reduced surv iva l , but  ferti l i zed seedl i ngs  were somewhat 
l arger tha n  nonfert i l i zed seed l i ng s  and had a s i gn i fi cantl y h i g her  
fol i a r  concentrat ion  of tota l N .  
P i s ol i thus t i n ctor i u s  formed abundant ectomycorrhi zae on  the 
roots of sweet b i rc h  when i ntroduced v i a  a vegetat ive mycel i a l  
i nocu l um ,  but the forma t i on o f  P i so l i thu s ectomycorrh i zae was 
s i g n i f i ca ntly red uced by h i g h  ferti l i ty i n  both the sand cu l ture and 
mi ne s po i l potti ng medi a .  The l ephora terres tr i s , i ntroduced by way 
of wi nd-borne propag u l e s ,  formed more abunda n t  ectomycorrh i zae  on the 
roots of thi s hos t  at  h i g h  ferti l i ty l evel s .  Sweet b i rch  seedl i ng s  
i nfected wi th P i sol i t hu s  a n d  grown under i ntermed i ate a nd l ow fert i l i ty 
reg imes were s i gn i f i cantl y l arger than comparabl e control seed l i ng s  
i nfected w i th The l ephora , and the seedl i ng s  wi th  P i so l i thu s genera l l y  
had a h i g her fo l i ar  concentrati on of total N and l ower concentrat ion s 
of Mg and Al than the control s eedl i ngs . The adaptabi l i ty of sweet 
b i rch to poor substrate s , a n d  the a b i l i ty of Pi sol i t hu s  to form 
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abu ndant ectomycorrhi zae on th i s  host whi c h  substanti a l l y  i nc rease i ts 
g rowt h at l ow ferti l i ty l evel s ,  sugges t  that th i s  combi nat i on of ho�t 
and symb iont  has con s i de ra b l e potent ia l for use i n  the revegetation of 
su rface m i n e  spoi l s .  The fa i l u re to i n duce a suffi c i ent moi sture 
def i c i t  i n  the m i ne spoi l pott i n g  medi um p recl uded a determ i nat ion of 
the ab i l i ty of, the Pi sol i thu s ectomycorrh izae and extramatrical  hyphae 
to fac i l i tate the absorption  of water  by sweet b i rch duri ng peri od s of 
h i g h  moi stu re s tre s s .  
The i so l a te of Pi sol i thus  ti nctori u s  used i n  th i s  study d i d  not 
form ectomycorrhi zae on the roots of E u ropean a l der ,  and it i s  u nl i kely 
that a sym b io t i c assoc iati on i ncorporat i ng th i s  fungu s and ho st can be 
ach i eved u s i ng rou tine methods of i nocu l a t i on . Other ectomycorrh iza l  
s peci es whi c h  are phys i o l og i ca l l Y  compat i bl e  w i th European a l der may 
prove su ff i c i ently benefi c i a l  to th i s  host to warrant the deve l opment 
and prod uc t i on of practi ca l  i nocu l ums , espec i a l l y  if these symbionts 
have a demonstrated abi l i ty to fac i l i tate the absorpt ion of water . 
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